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ABSTRACT 

Th is  manual has been w r i t t e n  f o r  t he  
person who needs i n f o r m a t i o n  on making t ime 
and frequency measurements. I t  has been 
w r i t t e n  a t  a l e v e l  t h a t  w i l l  s a t i s f y  those 
w i t h  a casual  i n t e r e s t  as w e l l  as l a b o r a t o r y  
engineers and techn ic ians  who use t ime and 
frequency every day. It gives a b r i e f  h i s -  
t o r y  o f  t ime and frequency, discusses t h e  
r o l e s  o f  t h e  Na t iona l  Bureau o f  Standards, 
t he  U. S. Naval Observatory,  and t h e  I n t e r -  
n a t i o n a l  Time Bureau, and exp la ins  how t i m e  
and frequency are i n t e r n a t i o n a l l y  coord inated.  
I t  a l s o  exp la ins  what t ime and frequency ser-  

v i ces  a re  a v a i l a b l e  and how t o  use them. It 
discusses t h e  accurac ies t h a t  can be achieved 
us ing  the  d i f f e r e n t  se rv i ces  as w e l l  as t h e  
pros and cons o f  us ing  va r ious  c a l i b r a t i o n  
methods. 

Key Words: Frequency c a l i b r a t i o n ;  h i g h  f r e -  
quency; Loran-C; low frequency; r a d i o  broad- 
cas ts ;  s a t e l l i t e  broadcasts;  standard f r e -  
quencies; t e l e v i s i o n  c o l o r  s u b c a r r i e r ;  t ime 
and frequency c a l i b r a t i o n  methods; t ime c a l i -  
b r a t i  on; t ime s igna ls .  

PREFACE 

This  manual was w r i t t e n  t o  a s s i s t  users 
o f  t ime  and frequency c a l i b r a t i o n  se rv i ces  
t h a t  are a v a i l a b l e  i n  the  U.S. and throughout 
t h e  wor ld .  An at tempt  has been made t o  avo id  
complex d e r i v a t i o n s  o r  mathematical ana lys i s .  
I ns tead ,  s imp le r  explanat ions have been g i ven  
i n  t h e  hope t h a t  more people w i l l  f i n d  the  
m a t e r i a l  u s e f u l .  

Much o f  t he  i n f o r m a t i o n  conta ined i n  
t h i s  book has been made a v a i l a b l e  i n  NBS 
Technical  Notes. These were pub l i shed  i n  t h e  

l a s t  few years b u t  have been e d i t e d  and r e -  
v i sed  f o r  t h i s  book. Many people and organi -  
z a t i o n s  have c o n t r i b u t e d  m a t e r i a l  f o r  t h i s  
book, i n c l u d i n g  o the r  government agencies, 
i n t e r n a t i o n a l  standards l a b o r a t o r i e s ,  and 
equipment manufacturers.  

Since each t o p i c  cou ld  n o t  be covered i n  
g r e a t  depth, readers a re  encouraged t o  request  
a d d i t i o n a l  i n f o r m a t i o n  f rom NBS o r  t h e  respon- 
s i b l e  agency t h a t  operates the  system o r  ser-  
v i c e  o f  i n t e r e s t .  

x v i  



CHAPTER 1. INTRODUCTION: WHAT T H I S  BOOK I S  ABOUT 

Time and frequency are a l l  around us. We 
hear t h e  t ime  announced on r a d i o  and t e l e v i -  
s ion ,  and we see i t  on the  t i m e  and tempera- 
t u r e  s i g n  a t  t he  l o c a l  bank. The frequency 
markings on our ca r  r a d i o  d i a l s  he lp  us f i n d  
ou r  f a v o r i t e  s t a t i o n s .  Time and frequency are 
so commonly a v a i l a b l e  t h a t  we o f t e n  take them 
f o r  granted; we seldom stop t o  t h i n k  about 
where they come f r o m  o r  how they  are measured. 

hundreds o f  people drop n i c k e l s ,  dimes, and 
quar te rs  i n t o  p a r k i n g  meters, c o i  n-operated 
washers and dryers,  and " fun"  machines t h a t  
g i v e  c h i l d r e n  a r i d e  on a g a l l o p i n g  horse o r  a 
m i n i a t u r e  rocke t .  Housewives t r u s t  t h e i r  
cakes and roas ts ,  t h e i r  c l o t h i n g  and f i n e  
ch ina  t o  t imers  on ovens, washing machines, 
and dishwashers. Businesses pay thousands o f  
d o l l a r s  f o r  t he  use o f  a computer's t ime. We 

Yet among t h e  many thousands o f  t h i n g s  
t h a t  man has been ab le  t o  measure, t ime and 
t i m e  i n t e r v a l  are unique. O f  a l l  t he  stan- 
dards--especial  l y  t h e  b a s i c  standards o f  
l eng th ,  mass, t ime,  and temperature-- t ime ( o r  
more p r o p e r l y  t ime i n t e r v a l )  can be measured 
w i t h  a g r e a t e r  r e s o l u t i o n  and accuracy than 
any other .  Even i n  the  p r a c t i c a l  w o r l d  away 
from t h e  s c i e n t i f i c  l a b o r a t o r y ,  r o u t i n e  t ime  
and frequency measurements are made t o  reso lu -  
t i o n s  o f  p a r t s  i n  a thousand b i l l i o n .  This  i s  
i n  sharp c o n t r a s t  t o  l e n g t h  measurements, f o r  
instance,  where an accuracy o f  one p a r t  i n  t e n  
thousand represents  a tremendous achievement. 

1.1 WHO NEEDS TIME & FREQUENCY? 

Without accurate t ime, our  d a i l y  l i v e s  
c o u l d  n o t  f u n c t i o n  i n  an o r d e r l y  manner. I f  
you d o n ' t  know what t ime i t  i s ,  how can you 
meet a f r i e n d  f o r  lunch? O r  g e t  t o  school o r  
work on t ime? I t ' s  a l l  r i g h t  t o  g e t  t o  church 
e a r l y ,  b u t  i t ' s  embarrassing t o  walk i n  d u r i n g  
t h e  sermon. And you would probably  be more 
than  a l i t t l e  d isappointed i f  you missed you r  
a i r p l a n e  a f t e r  months o f  p lann ing  a Hawaiian 
vacat ion.  

I n  these instances, knowing t h e  c o r r e c t  
t i m e  t o  w i t h i n  a few minutes i s  u s u a l l y  s u f f i -  
c i e n t .  But  even a few minutes can sometimes 
be q u i t e  impor tant .  For i ns tance ,  every day 

a l l  pay te lephone b i l l s  based on the  number o f  
minutes and p a r t s  o f  minutes we spend t a l k -  
i n g  t o  r e l a t i v e s  o r  f r i e n d s  hal fway across t h e  
na t i on .  

A l l  o f  these a c t i v i t i e s  r e q u i r e  accurate 
t ime.  F i f t e e n  minutes on a p a r k i n g  meter 
should r e a l l y  be 15 minutes and n o t  14. An 
e r r o r  i n  the  me te r ' s  t i m e r  cou ld  mean a park-  
i n g  t i c k e t .  And i f  we o n l y  t a l k  on the  phone 
f o r  7 minutes,  we d o n ' t  want t o  be b i l l e d  f o r  
9 o r  10. 

Frequency i s  j u s t  as impor tan t  as t ime. 
Accurate frequency c o n t r o l  a t  TV s t a t i o n s  
means programs a re  t r a n s m i t t e d  on t h e  exac t  
f requencies assigned by t h e  Federal  Communi- 
c a t i o n s  Commission. C o n t r o l l i n g  e l e c t r i c  
power f l o w  i n  homes and o f f i c e s  a t  60 h e r t z  
keeps e l e c t r i c  c locks f rom running t o o  f a s t  o r  
t o o  slow. It means t h a t  a h i - f i  w i l l  p l a y  a 
r e c o r d  a t  33-1/3 rpm ( r e v o l u t i o n s  pe r  minute) 
i n s t e a d  of 32 o r  34 rpm, thus reproducing t h e  
recorded music accu ra te l y .  

Our vo ices range i n  f requency from about 
87 h e r t z  (bass) t o  1175 h e r t z  (soprano), and 
our  ears can d e t e c t  sounds ranging from about 
16 t o  16,000 he r t z .  F o r  example, you hear a 
te lephone d i a l  tone a t  about 400 h e r t z ,  a 
smoke alarm a t  600 h e r t z ,  and a d e n t i s t ' s  
u l t r a s o n i c  d r i l l  a t  10,000 he r t z .  A p iano 

1 



HUMAN VOICE { ~~~~T~I 

ranges i n  frequency from 27.5 h e r t z  ( A 4 )  t o  4186 h e r t z  (E4 ) .  
“ A “  above middle “C”  i n  t h e  musical  sca le  i s  440 h e r t z - - t h e  
f requency reference most o f t e n  used t o  tune musical  i n s t r u -  
ments. 

There a re  many i n d u s t r i e s  and p ro fess ions  t h a t  need 
accurate t ime and frequency, and t h e r e  are many se rv i ces  t h a t  
p rov ide  t h i s  i n fo rma t ion .  Many o f  these w i l l  be discussed i n  
t h i s  book. 

But,  you ask, who needs t ime and frequency t o  t h e  accu- 
racy  prov ided by these NBS s t a t i o n s ?  The t r u t h  i s ,  f o r  many 
a p p l i c a t i o n s ,  j u s t  knowing the  exact  minute i s  o f t e n  n o t  
enough. Sometimes, i t  i s  e s s e n t i a l  t o  know t h e  exac t  second 
o r  even m i l l i o n t h  of a second (microsecond). L e t ’ s  take a 
l o o k  a t  some o f  t h e  more s o p h i s t i c a t e d  users o f  t ime and 
frequency: 

CELESTIAL NAVIGATORS need t i m e  t o  determine t h e i r  exac t  
l o c a t i o n .  An e r r o r  o f  2 seconds cou ld  cause a sh ip  t o  
m i s s  i t s  d e s t i n a t i o n  by about 1 k i l omete r .  Other 
SHIPPERS and BOATERS need t ime  even more accu ra te l y .  
When us ing  s o p h i s t i c a t e d  e l e c t r o n i c  n a v i g a t i o n  systems, 
an e r r o r  o f  o n l y  3 microseconds cou ld  cause t h e  same 1 
k i l o m e t e r  e r r o r .  

POWER COMPANIES use frequency t o  c o n t r o l  e l e c t r i c  power f l o w  
a t  60 he r t z .  I f  they d i d n ’ t ,  c l ocks  c o u l d  n o t  ma in ta in  
t h e  c o r r e c t  t ime. They need t ime t o  moni tor  t h e  power 
g r i d  t o  h e l p  a1 l e v i a t e  “brownouts“ and massive power 
f a i l u r e s .  They use i t  t o  he lp  l o c a t e  power outages and 
t r o u b l e  on the  l i n e s .  To minimize down t ime,  they  need 
t o  know t h e  exac t  second when outages occur. Time i s  
a l s o  impor tan t  f o r  keeping t r a c k  o f  power f l o w  among the  
va r ious  companies i n  the  in terconnected network f o r  
b i l l i n g  purposes. 

R A D I O  & TV STATIONS need accurate f requency t o  send s i g n a l s  
a t  e x a c t l y  t h e i r  assigned f requencies.  They need accu- 
r a t e  t ime  t o  s e t  s t a t i o n  c locks  so they can j o i n  the  
network a t  t h e  r i g h t  i n s t a n t .  

The MEDICAL PROFESSION uses t ime and frequency f o r  medical  
t e s t  equipment c a l i b r a t i o n ,  f o r  date and t ime  p r i n t o u t s  
i n  coronary care u n i t s ,  and f o r  t i m i n g  therapy and 
obse rva t i ona l  procedures f o r  d a i l y  h e a l t h  care.  

Y O Y  r Z O  
L up. o m  

0 -  
m = L  u I U  

- =  g $6 
4. m u  r 00 u =  

mLc 

2 



The O I L  INDUSTRY needs accurate t ime t o  he lp  automate o i l  
w e l l  d r i l l i n g ,  e s p e c i a l l y  o f f sho re .  

JEWELERS & CLOCK/WATCH MANUFACTURERS need t o  s e t  d i g i t a l  
watches and c locks  t o  t h e  c o r r e c t  t ime  be fo re  they leave 
t h e  f a c t o r y .  

RAILROADS use t ime  t o  s e t  watches and c l o c k  systems. E.g., 
AMTRAK ge ts  accurate t ime  t h r e e  t imes a day t o  s e t  
c locks  i n  t h e  AMTRAK system. This  i nsu res  t h a t  t r a i n s  
a r r i v e  and depar t  on schedule. 

The COMPUTER INDUSTRY needs accurate t ime f o r  b i l l i n g  pur-  
poses, f o r  t i m i n g  the  beginning and end o f  events f o r  
da ta  processing, and f o r  synchroniz ing communication 
between systems many m i l e s  apa r t .  

POLICEMEN need t ime  t o  check stopwatches used t o  c l o c k  
speeders and they use frequency t o  c a l i b r a t e  rada r  
"speed guns'' used f o r  t r a f f i c  c o n t r o l .  

SURVEYORS need t ime  t o  measure d i s tance  and l o c a t i o n .  As 
a l ready  s ta ted ,  3 microseconds t r a n s l a t e s  i n t o  1 k i l o -  
meter i n  d i s tance  when modern e l e c t r o n i c  i ns t rumen ta t i on  
i s  used. 

The COMMUNICATIONS INDUSTRY depends on accurate f requency 
c o n t r o l  f o r  i t s  a b i l i t y  t o  d e l i v e r  messages t o  i t s  
users.  Time i s  needed f o r  l a b e l i n g  t h e  t ime o f  occur- 
rence o f  impor tan t  messages. For example, r a d i o  s t a t i o n  
WWV i s  used a t  t he  communications cen te r  a t  Yel lowstone 
Na t iona l  Park. 

The MUSIC INDUSTRY uses frequency ( the  440-hertz tone from 
WWV, f o r  example) t o  c a l i b r a t e  t u n i n g  f o r k s  which a re  
used t o  tune pianos, organs, and o the r  musical  i n s t r u -  
ments. 

MANUFACTURERS need t ime  and frequency t o  c a l i b r a t e  counters,  
f requency meters, t e s t  equipment, and tu rn -on / tu rn -o f f  
t i m e r s  i n  e l e c t r i c  appl iances. 

The TRANSPORTATION INDUSTRY needs accurate t ime  t o  synchro- 
n i z e  c locks  used i n  bus and o the r  p u b l i c  t r a n s p o r t a t i o n  
systems, and f o r  v e h i c l e  l o c a t i o n ,  d i spa tch ing ,  and 
c o n t r o l .  

Sports ca r  r a l l i e s  are t imed t o  1/100th 
o f  a second. Even c a r r i e r  p igeon race rs  need accurate 
t ime. 

The TELEPHONE INDUSTRY needs accurate t ime f o r  b i l l i n g  
purposes and telephone t ime-of -day serv ices.  Accurate 
f requency c o n t r o l s  long-d is tance phone c a l l s  so t h a t  
messages d o n ' t  become ga rb led  d u r i n g  t ransmiss ion.  

NATURALISTS s tudy ing  w i l d l i f e  h a b i t s  want accurate t ime  and 
frequency t o  he lp  moni tor  animals they  have f i t t e d  w i t h  
r a d i o  t r a n s m i t t e r s .  

The TELECOMMUNICATIONS INDUSTRY needs t ime accurate t o  one 
microsecond t o  synchronize s a t e l l i t e  & o the r  communica- 
t i o n s  t e r m i n a l s  spread over wide geographical  areas. 

ASTRONOMERS use t ime f o r  observ ing astronomical  events,  such 

SPORTSMEN use t ime.  

as l u n a r  o c c u l t a t i o n s  and ec l i pses .  
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GEOPHYSICISTS/SEISMOLOGISTS s tudy ing  l i g h t n i n g ,  earthquakes, 
weather, and o the r  geophysical  d is turbances need t ime  t o  
enable them t o  o b t a i n  da ta  synchronously and automat i -  
c a l l y  over wide geographical  areas. They use i t  f o r  
l a b e l i n g  geophysical  events. Other SCIENTISTS use t ime  
f o r  c o n t r o l l i n g  t h e  d u r a t i o n  o f  p h y s i c a l  and chemical 
processes. 

Accurate t i m e  i s  r e q u i r e d  i n  MASTER CLOCK SYSTEMS i n  l a r g e  
i n s t i t u t i o n s ,  such as a i r p o r t s ,  h o s p i t a l s ,  l a r g e  fac-  
t o r i e s ,  and o f f i c e  b u i l d i n g s  so t h a t  a l l  c l ocks  i n  t h e  
system read the  same t ime. 

The AVIATION/AEROSPACE INDUSTRY needs accurate t ime  f o r  a i r -  
c r a f t  t r a f f i c  c o n t r o l  systems and f o r  synch ron iza t i on  a t  
s a t e l l i t e  and m i s s i l e  t r a c k i n g  s t a t i o n s .  The FAA rec -  
ords accurate t ime  on i t s  audio tapes a long w i t h  the  
a i  r - t o -g round  communications f rom a i rp lanes .  Having an 
accurate reco rd  o f  when p a r t i c u l a r  events happened can 
be an impor tan t  f a c t o r  i n  determin ing t h e  cause o f  a 
p lane  crash o r  equipment ma l func t i on .  

MILITARY o rgan iza t i ons  use accurate t ime t o  synchronize 
c l o c k s  on a i r c r a f t ,  sh ips,  submarines, and land  veh i -  
c l e s .  It i s  used t o  synchronize secure communications 
between command pos ts  and outposts .  S tab le  f requency 
w i l l  be necessary f o r  n a v i g a t i o n  us ing  a f u t u r e  s a t e l -  
1 i t e  system. 

- - - - - - _ - - _ _ _ _ - _ _ _ _ _ _ - - _ - - - _ - - -  

1.2 WHAT ARE TIME AND FREQUENCY? We a l s o  use the  word t ime  when we mean 
t h e  l e n a t h  o f  t ime between two events.  c a l l e d  
t ime  i k e r v a l s .  The word t ime a lmost  always 
needs a d d i t i o n a l  terms t o  c l a r i f y  i t s  meaning; 
f o r  instance,  t ime o f  day o r  t ime i n t e r v a l .  

We pause a moment to consider what 
i s  meant by t h e  word " t ime"  as we commonly use 
it. Time of dav or date is the most often 

Today t ime  i s  based on the  d e f i n i t i o n  o f  used meaning, a i d  even t h a t  i s  u s u a l l y  pre-  

a second. A second i s  a t ime i n t e r v a l  and i t  sented i n  a b r i e f  form o f  hours, minutes,  and 

i s  de f i ned  i n  terms o f  t he  cesium atom. Th is  seconds, whereas a complete statement o f  t he  
t i m e  o f  day would a l s o  i n c l u d e  t h e  day o f  t h e  is explained in detail in the chapter on 
week' month' and year' It extend atomic f requency sources (chapter  11). Le t  us t o  u n i t s  o f  t ime  sma l le r  than the  second 
going down through m i l l i s e c o n d s ,  microseconds, say here that a second consists O f  counting 

9,192,631,770 pe r iods  o f  t he  r a d i a t i o n  associ -  
a ted  w i t h  t h e  cesium-133 atom. nanoseconds, and picoseconds. 

The d e f i n i t i o n  o f  f requency i s  a l s o  based 
on t h i s  d e f i n i t i o n .  The term used t o  desc r ibe  
f requency i s  t h e  h e r t z  which i s  de f i ned  as one 

What does a l l  t h i s  mean t o  users o f  t ime  
and frequency? Where does t h e  l a b o r a t o r y  s c i -  
e n t i s t ,  i n d u s t r i a l  engineer,  o r  f o r  t h a t  
ma t te r ,  t h e  man on t h e  s t r e e t  go when he needs 
i n f o r m a t i o n  about f requency and t ime  measure- 
ments o r  about pe r fo rm ing  those measurements 
h i m s e l f ?  T h a t ' s  what t h i s  book i s  about. I t  
has been w r i t t e n  f o r  t h e  person w i t h  a casual  
i n t e r e s t  who wants t o  s e t  h i s  watch and f o r  
those w i t h  a s p e c i f i c  need f o r  f requency and 
t i m e  se rv i ces  t o  a d j u s t  o s c i l l a t o r s  o r  per form 
r e l a t e d  s c i e n t i f i c  measurements. 

Th is  book has been d e l i b e r a t e l y  w r i t t e n  
a t  a l e v e l  which w i l l  s a t i s f y  a l l  o f  these 

T I M E  OF D A Y :  
9 : O O  A . M .  c y c l e  pe r  second. 
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R A D I A T I O N  D O S A G E  H E A T  F L O W  

users.  It w i l l  e x p l a i n  what i s  a v a i l a b l e  i n  
our  wor ld  today i n  t h e  form o f  se rv i ces  t h a t  
p rov ide  t ime  and frequency f o r  many c lasses  o f  
users.  I n  a d d i t i o n  t o  p r o v i d i n g  i n f o r m a t i o n  
rega rd ing  these se rv i ces ,  d e t a i l e d  exp l  ana- 
t i o n s  a re  g i ven  on how t o  use each serv ice .  
Many coun t r i es  th roughout  t h e  wor ld  p rov ide  
t ime and frequency se rv i ces .  

You can ge t  t ime  o f  day by l i s t e n i n g  t o  
h i g h  frequency r a d i o  broadcasts,  o r  you can 
c a l l  t h e  time-of-day telephone serv ices .  YOU 
can decode t ime codes broadcast on va r ious  
h igh ,  low, and very  low frequency r a d i o  s ta -  
t i o n s .  You can measure f requency by accessing 
c e r t a i n  s i g n a l s  on r a d i o  and t e l e v i s i o n  broad- 
cas ts .  You can o b t a i n  l i t e r a t u r e  e x p l a i n i n g  
t h e  va r ious  serv ices .  And i f  your  needs a re  
c r i t i c a l ,  you can c a r r y  a p o r t a b l e  c l o c k  t o  
NBS o r  the  USNO f o r  comparison. Th is  book 
descr ibes  many o f  these se rv i ces  and exp la ins  
how t o  use them f o r  t ime  and frequency c a l i -  
b r a t i  ons. 

1 . 3  WHAT IS A STANDARD? 

O f  course, be fo re  you can have a standard 
f requency and t ime  se rv i ce ,  you have t o  have a 
standard, b u t  what i s  i t? The d e f i n i t i o n  o f  a 
l e g a l  standard i s ,  accord ing  t o  Webster, 
"something s e t  up and es tab l i shed  by  a u t h o r i -  
t y ,  custom, o r  general  consent as a model o r  
example." A standard i s  t h e  u l t i m a t e  u n i t  used 
f o r  comparison. I n  t h e  Un i ted  Sta tes ,  t he  
Na t iona l  Bureau o f  Standards (NBS) i s  l e g a l l y  
respons ib le  f o r  ma in ta in ing  and d i ssemina t ing  
a l l  o f  t he  standards o f  phys i ca l  measurement. 

There a re  f o u r  independent standards o r  
base u n i t s  o f  measurement. These a re  length ,  
mass, t ime,  and temperature. By c a l l i n g  them 
independent, we mean t h a t  a l l  o the r  measure- 
ments can be de r i ved  from them. It can be 
shown mathemat ica l l y  t h a t  vo l tage  and pressure  
measurements can be ob ta ined from measurements 
o f  these f o u r  base u n i t s .  It i s  a l s o  t r u e  
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t h a t  f requency o r  i t s  i nve rse ,  t ime i n t e r v a l ,  1.3.2 THE NBS STANDARDS OF TIME AND FREQUENCY 
can be c o n t r o l l e d  and measured w i t h  the  smal- 

A s  expla ined l a t e r  i n  t h i s  chapter  and 
elsewhere in this book, the United States 

coord inated worldwide system. Almost the  
e n t i r e  w o r l d  uses the  second as a standard 
u n i t  o f  t ime ,  and any v a r i a t i o n  i n  t ime o f  day 
f r o m  coun t ry  t o  coun t ry  i s  ext remely smal l .  

l e s t  percentage e r r o r  o f  any phys i ca l  quan- 
t i t y .  Since a c l o c k  i s  s imply  a machine t h a t  

i s  kept  w i t h  equal accuracy. 
counts frequency Or time then time standards of  frequency and t ime  are p a r t  of a 

1 . 3 . 1  CAN T IME REALLY BE A STANDARD? 

Time i s  n o t  a "standard" i n  the  same 
sense as the  meter s t i c k  o r  a s tandard s e t  o f  
weights.  The r e a l  q u a n t i t y  i nvo l ved  here i s  
t h a t  o f  t ime i n t e r v a l  ( t h e  l e n g t h  o f  t ime 
between t w o  events).  You can make a t ime 
i n t e r v a l  c a l i b r a t i o n  by us ing  t h e  t i c k s  o r  
tones on WV, f o r  example, t o  o b t a i n  second, 
minute,  o r  hour i n fo rma t ion ,  b u t  you u s u a l l y  
need one more p iece  of i n f o r m a t i o n  t o  make 
t h a t  e f f o r t  wor thwhi le .  The i n f o r m a t i o n  you 
need i s  t he  t ime o f  day. A l l  n a t i o n a l  labora-  
t o r i e s ,  t he  Na t iona l  Bureau o f  Standards among 
them, do keep the  t ime  o f  day; and even though 
i t  i s  n o t  a "standard" i n  the usual sense, 
extreme care i s  exerc ised i n  the  maintenance 
of t h e  Bureau's c locks  so t h a t  t hey  w i l l  
always agree t o  w i t h i n  a few microseconds w i t h  
t h e  c locks  i n  o the r  n a t i o n a l  l a b o r a t o r i e s  and 
those o f  t h e  U. S. Naval Observatory. Also, 
many manufactur ing companies, u n i v e r s i t i e s ,  
and independent l a b o r a t o r i e s  f i n d  i t  conveni- 
e n t  t o  keep accurate t ime a t  t h e i r  f a c i l i t i e s .  

But  u n l i k e  t h e  o the r  standards, t ime  i s  
always changing; so can you r e a l l y  have a t ime 
standard? We o f t e n  hear the  term standard 
t ime  used i n  con junc t i on  w i t h  t ime zones. But 
i s  t h e r e  a s tandard t ime kept  by the  Na t iona l  
Bureau o f  Standards? Yes t h e r e  i s ,  b u t  be- 
cause o f  i t s  changing nature,  i t  doesn ' t  have 
the  same p r o p e r t i e s  as the o t h e r  p h y s i c a l  
standards,  such as l e n g t h  and mass. Al though 
NBS does operate a source o f  t ime, i t  i s  
ad jus ted  p e r i o d i c a l l y  t o  agree w i t h  c locks  i n  
o t h e r  coun t r i es .  I n  the  nex t  chapter  we w i l l  
a t tempt  t o  e x p l a i n  the  b a s i s  f o r  making such 
changes and how they  a re  managed and organized 
throughout the  wor ld .  

So even though NBS does n o t  have a g lass-  
enclosed c l o c k  t h a t  i s  untouched o r  unadjust -  
ed, we do have a s tandard f o r  frequency and 
t ime  i n t e r v a l .  Th i s  standard i s  l o c a t e d  i n  
Boulder ,  Colorado. I t  c a r r i e s  the  des igna t ion  
NBS-6 because it i s  t he  s i x t h  i n  a s e r i e s  o f  

R A D I O  
B R O A D C A S T S  

N B S - 6  
( P R I M A R Y  CLOCK) 

(SECONDARY C L O C K S )  

S E R V I C E S  4 * S E R V I C E S  

W I T H  T I M E  
S C A L E S  I N  

T E L E P H O N E  
T I M E - O F - D A Y  

T E L E V I S I O N  
T I M E  & 

F R E Q U E N C Y  
T R A N S F E R  

S A T E L L I T E  

S E R V I C E  

FIGURE 1.1. ORGANIZATION OF THE NBS FREQUENCY AND TIME STANDARD. 
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atomic o s c i l l a t o r s  b u i l t  and main ta ined by NBS 
t o  p r o v i d e  t h e  o f f i c i a l  re fe rence f o r  frequen- 
c y  and t ime  i n t e r v a l  i n  t h e  Un i ted  Sta tes .  
NBS-6 i s  r e f e r r e d  t o  as t h e  "master" o r  " p r i -  
mary" c lock .  I t  i s  used t o  c a l i b r a t e  o the r  
o s c i  1 l a t o r s  ("secondary" c locks )  which a re  
used t o  operate t h e  t ime  sca le .  (A t ime sca le  
i s  a system o f  coun t ing  pendulum swings.) The 
o r g a n i z a t i o n  o f  t h e  NBS frequency and t ime  
s tandard  i s  i l l u s t r a t e d  i n  f i g u r e  1.1. Shown 
i s  t h e  p r imary  atomic s tandard  NBS-6, which i s  
used t o  c a l i b r a t e  an ensemble o f  o the r  atomic 
o s c i l l a t o r s  which opera te  t h e  t ime  sca le ,  
which i s  i n  t u r n  compared and ad jus ted  t o  
s i m i l a r  t ime  sca les  i n  o t h e r  coun t r i es .  Pe r i -  
o d i c  adjustments a re  made t o  keep them a l l  i n  
agreement. 

The use fu l  ou tpu t  o f  t h e  NBS standard and 
i t s  assoc ia ted  t ime  sca le  a re  t h e  se rv i ces  
p rov ided  t o  users. These se rv i ces  can take  
many forms and use severa l  methods t o  g e t  t he  
a c t u a l  needed c a l i b r a t i o n  i n f o r m a t i o n  t o  the  
user.  

No t i ce  t h a t  f i g u r e  1.1 looks  a l o t  l i k e  
any t imepiece. We have a source o f  f requency, 
a means o f  coun t ing  t h a t  f requency and keeping 
t ime  o f  day i n  a t ime sca le ,  and as mentioned, 
a way o f  g e t t i n g  a use fu l  ou tpu t .  Th i s  i s  
e x a c t l y  what i s  con ta ined i n  almost every  
c l o c k  o r  watch i n  use today. The frequency 
source can be a 60 Hz power l i n e ,  a balance 
wheel, t u n i n g  f o r k ,  o r  qua r t z  c r y t a l .  The 
counter  f o r  t o t a l i n g  t h e  cyc les  o f  f requency 
i n t o  seconds, minutes,  and hours can be gears 
o r  e l e c t r o n i c s .  The readout can be a face 
c l o c k  o r  d i g i t s .  

I n  e a r l y  t imes, t h e  sun was t h e  o n l y  
t imekeeping dev ice  a v a i l a b l e .  I t  had c e r t a i n  
disadvantages--c loudy days, f o r  one. And 
a l s o ,  you cou ld  n o t  measure t h e  sun ' s  angle 
ve ry  accu ra te l y .  People s t a r t e d  deve lop ing  
c l o c k s  so they  cou ld  have t ime  indoors  and a t  
n i g h t .  Sure ly ,  though, t h e  sun was t h e i r  
"standard" i n s t e a d  o f  a c lock .  Outdoors, t h e  
sund ia l  was t h e i r  counter  and readout.  It i s  
reasonable t o  suppose t h a t  i f  you had a l a r g e  
hour g lass ,  you cou ld  h o l d  i t  nex t  t o  t h e  
sund ia l  and w r i t e  t h e  hour on it, t u r n  i t  
over,  and then  t r a n s p o r t  i t  indoors  t o  keep 
t h e  t ime  f a i r l y  accu ra te l y  f o r  t h e  nex t  hour. 
A s i m i l a r  s i t u a t i o n  e x i s t s  today i n  t h a t  
secondary c locks  a r e  brought  t o  t h e  master o r  
p r imary  c l o c k  f o r  accura te  s e t t i n g  and then 
used t o  keep t ime. 

1.4 HOW TIME AND FREQUENCY STANDARDS 

ARE DISTRIBUTED 

I n  a d d i t i o n  t o  genera t i ng  and d i s t r i b u t -  
i n g  s tandard  frequency and t ime  i n t e r v a l ,  t h e  
Na t iona l  Bureau o f  Standards a l s o  broadcasts 

t ime  o f  day v i a  i t s  r a d i o  s t a t i o n s  WWV, WWVH, 
and WWVB. Each o f  t h e  f i f t y  Un i ted  States has 
a s t a t e  standards l a b o r a t o r y  which deals i n  
many k inds  of standards, i n c l u d i n g  those o f  
f requency and t ime  i n t e r v a l .  Few o f  these 
s t a t e  l abs  g e t  i n v o l v e d  w i t h  t ime o f  day, 
which i s  u s u a l l y  l e f t  t o  t h e  i n d i v i d u a l  user,  
b u t  many o f  them can c a l i b r a t e  frequency 
sources t h a t  a re  used t o  check t imers  such as 
those used i n  washing machines i n  laundromats, 
c a r  washes, and pa rk ing  meters. 

M I L I T A R Y  & O T H E R  U G O V ' T  A G E N C I E S  

NBS T R F  
D 1 V  I S  I O N  

I N D U S T R Y  STATE .-jF/ 
T E F  U S E R  

E Q U  I P M E  11 T U S E R S  

I n  p r i v a t e  i n d u s t r y  and o the r  government 
agencies where standards l a b s  a re  maintained, 
a cons iderab le  amount o f  t ime  and frequency 
work i s  performed, depending on t h e  end pro-  
d u c t  o f  t h e  company. As you might  guess, 
e l e c t r o n i c s  manufacturers who deal  w i t h  
counters ,  o s c i l l a t o r s ,  and s i g n a l  genera tors  
a r e  very  i n t e r e s t e d  i n  hav ing  an a v a i l a b l e  
source o f  accura te  frequency. Th is  w i l l  ve ry  
o f t e n  take  t h e  form o f  an atomic o s c i l l a t o r  
kep t  i n  t h e  company's standards l a b  and 
c a l i b r a t e d  aga ins t  NBS. 

Al though company p r a c t i c e s  d i f f e r ,  a 
t y p i c a l  arrangement migh t  be f o r  t h e  company 
standards l a b  t o  d i s t r i b u t e  a s t a b l e  f requency 
s i g n a l  t o  t h e  areas where engineers can use 
t h e  s i g n a l  f o r  c a l i b r a t i o n .  A l t e r n a t i v e l y ,  
t e s t  equipment can p e r i o d i c a l l y  be rou ted  t o  
t h e  standards l a b  f o r  checking and adjustment.  

As mentioned elsewhere i n  t h i s  book, t h e  
l e v e l  o f  accuracy t h a t  can be achieved by a 
standards l a b  when making a f requency c a l i -  
b r a t i o n  ranges from a few p a r t s  p e r  thousand 
t o  one p a r t  i n  a thousand b i l l i o n ,  o r  1 p a r t  
i n  10 l2 .  Prec ise  c a l i b r a t i o n s  do i n v o l v e  more 
ca re fu l  a t t e n t i o n  t o  d e t a i l s ,  b u t  a re  n o t  i n  
f a c t  t h a t  d i f f i c u l t  t o  achieve. 

1 .5  THE NBS ROLE I N  I N S U R I N G  ACCURATE 

TIME AND FREQUENCY 

The Na t iona l  Bureau o f  Standards i s  
respons ib le  f o r  genera t ing ,  ma in ta in ing ,  and 
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d i s t r i b u t i n g  the  standards o f  t ime  and f r e -  
quency. It i s  n o t  a r e g u l a t o r y  agency so i t  
does n o t  en force  any l e g i s l a t i o n .  That i s ,  
you  cannot g e t  a c i t a t i o n  from NBS f o r  hav ing  
t h e  i n c o r r e c t  t ime  o r  frequency. 

Other government agencies, however, do 
i ssue  c i t a t i o n s .  Most no tab le  among these i s  
t h e  Federal  Communications Commission. Th is  
agency regu la tes  a l l  r a d i o  and t e l e v i s i o n  
broadcasts,  and has the  a u t h o r i t y  t o  i ssue  
c i t a t i o n s  and/or f i n e s  t o  those s t a t i o n s  t h a t  
do n o t  s t a y  w i t h i n  t h e i r  a l l o c a t e d  frequen- 
c ies .  The FCC uses NBS t ime  and frequency 
se rv i ces  t o  c a l i b r a t e  t h e i r  ins t ruments  which, 
i n  t u r n ,  a re  used t o  check broadcast t rans -  
m i t t e r s .  

The Bureau's r o l e  i s  s imp ly  t o  p rov ide  
access t o  t h e  standards o f  frequency and t ime  
i n t e r v a l  t o  users and enforcement agencies 
a1 i ke. When r a d i o  and t e l e v i s i o n  s t a t i o n s  
make c a l i b r a t i o n s  re fe renced t o  NBS, they  can 
be c o n f i d e n t  t h a t  t hey  a re  on frequency and 
a r e  n o t  i n  v i o l a t i o n  o f  t h e  broadcas t ing  regu- 
1 a t i ons .  

1 .6  WHEN DOES A MEASUREMENT BECOME 

A CALIBRATION? 

Using an o r d i n a r y  watch as an example, 
you  can e i t h e r  move t h e  hands t o  s e t  t h e  t ime  
o f  day, o r  you can change t h e  r a t e  o r  a d j u s t  
t h e  frequency a t  wh ich  i t  runs. I s  t h i s  
measurement a c a l i b r a t i o n ?  It depends on what 
re fe rence  you use t o  s e t  t h e  watch. 

I f  t h e  source you use f o r  comparison i s  
t r a c e a b l e  a t  a s u i t a b l e  l e v e l  o f  accuracy back 
t o  t h e  Na t iona l  Bureau o f  Standards, ( o r  t he  
U . S .  Naval Observatory i n  t h e  case o f  DOD 
users),  then you can say you have performed a 
c a l i b r a t i o n .  I t  i s  very  impor tan t  t o  keep i n  
mind t h a t  every  c a l i b r a t i o n  c a r r i e s  w i t h  i t  a 
measure o f  t h e  accuracy w i t h  which t h e  c a l i -  
b r a t i o n  was performed. 

The idea  o f  t r a c e a b i l i t y  i s  sometimes 
d i f f i c u l t  t o  e x p l a i n ,  b u t  here i s  an example. 
Suppose you s e t  you r  watch from a t ime s i g n a l  
i n  your  l a b o r a t o r y  t h a t  comes t o  you v i a  a 
company-operated d i s t r i b u t i o n  system. I f  you 

H 

1 

t r a c e  t h e  s i g n a l  backward toward i t s  source, 
you w i l l  f i n d  t h a t  i t  perhaps goes th rough a 
d i s t r i b u t i o n  a m p l i f i e r  system t o  a f requency 
source on t h e  manufac tur ing  p l a n t  grounds. 
L e t ' s  say t h i s  source i s  an o s c i l l a t o r .  Some 
means w i l l  have been p rov ided  t o  c a l i b r a t e  i t s  
o u t p u t  by us ing  one o f  severa l  methods- - le t ' s  
say NBS r a d i o  s igna ls .  W i th  s u i t a b l e  records ,  
taken and main ta ined a t  r e g u l a r  i n t e r v a l s ,  t h e  
o s c i l l a t o r  ( f requency source) can c l a i m  an 
accuracy o f  a c e r t a i n  l e v e l  compared t o  NBS. 
This  accuracy i s  t r a n s f e r r e d  t o  you r  labora-  
t o r y  a t  perhaps a s l i g h t l y  reduced accuracy. 
Taking a l l  these f a c t o r s  i n t o  account, t h e  
s i g n a l  i n  you r  l a b o r a t o r y  (and t h e r e f o r e  you r  
watch) i s  t raceab le  t o  NBS a t  a c e r t a i n  l e v e l  
o f  accuracy. 

What k i n d  o f  accuracy i s  ob ta inab le?  As 
we s a i d  be fore ,  f requency and t ime  can bo th  be 
measured t o  very  h i g h  accurac ies  w i t h  ve ry  
g r e a t  measurement r e s o l u t i o n .  As t h i s  book 
exp la ins ,  t he re  a r e  many techniques a v a i l a b l e  
t o  per fo rm c a l i b r a t i o n s .  Your accuracy de- 
pends on which techn ique you choose and what 
e r r o r s  you make i n  your  measurements. Typ i -  
c a l l y ,  f requency c a l i b r a t i o n  accurac ies  range 
f rom p a r t s  pe r  m i l l i o n  by h i g h  frequency r a d i o  
s i g n a l s  t o  p a r t s  p e r  hundred b i l l i o n  f o r  
t e l e v i s i o n  o r  Loran-C methods. A g r e a t  deal  
depends on how much e f f o r t  you  a re  w i l l i n g  t o  
expend t o  g e t  a good, accura te  measurement. 

1 .7  TERMS USED 

1 . 7 . 1  MEGA, MILLI,  PARTS FER., . AND PERCENTS 

Throughout t h i s  book, we r e f e r  t o  such 
t h i n g s  as k i  1 oher t z  and Megahertz, m i  11 i sec -  
onds and microseconds. We f u r t h e r  t a l k  about 
accurac ies  o f  p a r t s  i n  l o 9  o r  0.5%. What do 
a l l  o f  these terms mean? The f o l l o w i n g  t a b l e s  
e x p l a i n  the  meanings and shou ld  serve as a 
conven ien t  re fe rence  f o r  t h e  reader.  

Table 1 .2  g ives  t h e  meaning o f  1 x 
b u t  what i s  3 x You can conver t  i n  t h e  
same way. Three p a r t s  pe r  m i l l i o n  o r  3 x 
i s  .0003%. Manufacturers o f t e n  quote percen- 
tage  accurac ies  i n  t h e i r  1 i t e r a t u r e  r a t h e r  
than  "pa r t s  per .  . . .'I 
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LESS THAN 1 

MORE THAN 1 

TABLE 1 . 2  CONVERSIONS FROM PARTS PER... TO PERCENTS 

P R E F I X  D E F I N I T I O N  E X AMP L E  

M I L L 1  

MICRO ONE M I L L I O N T H  MICROSECOND ( u s )  = ONE M I L L I O N T H  OF A SECOND 

NAN0 ONE B I L L I O N T H  NANOSECOND (ns) = ONE B I L L I O N T H  OF A SECOND 

P I C 0  ONE T R I L L I O N T H  PICOSECOND ( p s )  = ONE T R I L L I O N T H  OF A SECOND 

K I L O  ONE THOUSAND KILOHERTZ ( k H z )  = ONE THOUSAND HERTZ (CYCLES PER SECOND) 

MEGA ONE M I L L I O N  MEGAHERTZ (MHz) = ONE M I L L I O N  HERTZ 

G l G A  ONE B I L L I O N  GIGAHERTZ (GHz) = ONE B I L L I O N  HERTZ 

TERA ONE T R I L L I O N  TERAHERTZ (THz)  = ONE T R I L L I O N  HERTZ 

ONE THOUSANDTH MILLISECOND (ms) = ONE THOUSANDTH OF A SECOND 

- 

PARTS PER 

1 PART PER HUNDRED 

1 PART PER THOUSAND 

1 PART PER I O  THOUSAND 

1 PART PER 100 THOUSAND 

1 PART PER M I L L I O N  

1 PART PER I O  M I L L I O N  

1 PART PER 100 M I L L I O N  

I PART PER B I L L I O N  

1 PART PER 10 B I L L I O N  

1 PART PER 100 B I L L I O N  

1 PART PER 1,000 B I L L I O N  
( 1  PART PER T R I L L I O N )  

1 PART PER 10,000 B I L L I O N  

1 x lo-* 

I 

1 

I 10-5 

1 x lo-6 

1 10-7 

1 x lo-* 

I 10-9 

1 x lo-1o 

1 x I O +  

1 x l o - 1 2  

I I O +  

I 
100 

1 
1,000 

1 
10,000 

1 
100,000 

1,000,000 

10,000,000 

1 
100,000,000 

1 
1,000,000,000 

1 
10,000,000,000 

1 
100,000,000,000 

1 
1,000,000,000,000 

1 
10,000,000,000,000 

- 

1 

I 
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PERCENT 

I .O% 

0.1% 

0.01% 

0.001% 

0.000l% 

0.00001 2, 

0.000001 % 

0.0000001% 

0.00000001% 

0.000000001% 

0.0000000001% 

0.00000000001% 



1.7.2 FREQUENCY 

FR EQU ENC Y 

1 H z  = 10' = 1 CYCLE PER SECOND 

1 k H z  = l o 3  

1 MHz = lo6 

= 1,000 Hz 

= 1,000,000 H z  

1 G H ~  = 109 = i,ooo,ooo,ooo HZ 

1 THz = l0l2 = 1000 B I L L I O N  H z  

The term used almost u n i v e r s a l l y  f o r  
f requency i s  t h e  h e r t z ,  which means one c y c l e  
pe r  second. Wi th t h e  advent o f  new i n t e g r a t e d  
c i r c u i t s ,  i t  i s  p o s s i b l e  t o  generate t h a t  
" cyc le "  i n  many d i f f e r e n t  shapes. It can be a 
s i n e  wave o r  a square, t r i a n g u l a r ,  o r  sawtooth 
wave. So the  reader i s  caut ioned as he pro-  
ceeds through t h i s  book t o  keep i n  mind t h a t  
the waveforms be ing  considered may n o t  i n  f a c t  
be s inusoids ( s i n e  waves). I n  t h i s  book we 
w i l l  n o t  concern ourse lves g r e a t l y  w i t h  the  
p o s s i b i l i t y  t h a t  t h e  frequency o f  i n t e r e s t  can 
c o n t a i n  zero f requency o r  DC components. 
I ns tead  we w i l l  assume t h a t  t h e  waveform 
operates,  on the  average, near zero vo l tage .  

Throughout t h i s  book, c o n s i d e r a t i o n  i s  
g i ven  t o  f requencies o f  a l l  magnitudes--from 
t h e  one h e r t z  t i c k  of  the c l o c k  t o  many b i l -  
l i o n s  o f  h e r t z  i n  the  microwave reg ion.  Table 
1.3 g ives the  p r e f i x e s  used f o r  f requencies i n  

1 
EXAMPLES 

2000 H z  = 2 k H z  = 0.002 MHz 

25 MHz = 25,000 k H z  = 25 M I L L I O N  H z  

IO GHz = 1 0 , 0 0 0  MHz = 1 0  M I L L I O N  k H z  

d i f f e r e n t  ranges and a l s o  t h e  means o f  con- 
ve r t - i ng  from one k i n d  o f  u n i t  t o  another.  
Thus i t  i s  p o s s i b l e  t o  r e f e r  t o  one thousand 
on t h e  AM r a d i o  band as e i t h e r  1000 kHz o r  1 
MHz. 

RF BAND 

4 V L F  (VERY LOW FREQUENCY) 

5 L F  (LOW FREQUENCY) 

6 MF (MEDIUM FREQUENCY) 

7 HF (HIGH FREQUENCY) 

8 VHF (VERY H I G H  FREQUENCY) 

9 UHF (ULTRA H I G H  FREQUENCY) 

Table 1.4 l i s t s  the  f requencies by bands. 
Most f requencies o f  i n t e r e s t  a re  i nc luded  i n  
t h i s  t a b l e - - t h e  r a d i o  frequency band con ta ins  
t h e  o f t e n  heard references t o  h i g h  frequency, 
ve ry  h i g h  frequency, low frequency, e t c .  

FREQUENCY RANG E WAVELENGTH ( A )  

3 - 30 k H z  105 - l o 4  METERS 

3 0  - 300 k H z  l o 4  - 103 11 

300 k H z  - 3 MHz 103 - 1 0  

3 - 30 MHz IO2 - 10 

2 II 

I 1  

- 300 MHz 10 - 1 30 I 1  

300 MHz - 3 GHz 1 - 0 . 1  I t  

The reader i s  caut ioned t h a t  t he  d i f f i -  
c u l t y  i n  measuring f requency a c c u r a t e l y  i s  n o t  
d i r e c t l y  r e l a t e d  t o  the  frequency range. 
P rec i se  f requency measurements a t  audio f r e -  
quencies a re  e q u a l l y  as d i f f i c u l t  as those i n  
the  h i g h  frequency r a d i o  bands. 

Scat tered throughout  t h i s  book a re  r e f -  
erences t o  the  wavelength r a t h e r  than t h e  
frequency be ing  used. Wavelength i s  especi-  
a l l y  convenient when c a l c u l a t i n g  antenna 

TABLE 1 . 3  CONVERSIONS TO HERTZ 

TABLE 1.4 RADIO FREQUENCY BANDS 
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l eng ths .  I n  f a c t ,  a glance a t  an an t i que  
r a d i o  d i a l  shows t h a t  t h e  band was a c t u a l l y  
marked i n  wavelengths. For example, r a d i o  
amateurs s t i l l  r e f e r  t o  t h e i r  frequency a l l o -  
ca t i ons  i n  terms o f  t h e  20, 10, o r  2 meter 
bands. 

The conversion o f  wavelengths t o  f r e -  
quency can be made f o r  most purposes by  us ing  
t h e  simple equat ion  

300,000,000 

f 
A =  7 

where A i s  t h e  wavelength i n  meters, 
300,000,000 meters pe r  second i s  the  speed o f  
l i g h t ,  and f i s  t h e  frequency i n  he r t z .  So we 
can see t h a t  t h e  t e n  meter band i s  approx i -  
mate ly  30 MHz and 1000 on t h e  broadcast band 
i s  300 meters. 

Th is  equat ion  can be converted t o  f e e t  
and inches f o r  ease i n  c u t t i n g  antennas t o  
exac t  leng th .  Prec ise  c a l c u l a t i o n s  o f  wave- 
l e n g t h  would have t o  take  i n t o  account t h e  
medium and a l l o w  f o r  t h e  reduced v e l o c i t y  
below t h a t  o f  l i g h t ,  f o r  ins tance,  i n s i d e  
coaxi  a1 cab1 es. 

Many users o f  frequency genera t i ng  de- 
v i ces  tend t o  take  frequency f o r  granted, 
e s p e c i a l l y  i n  t h e  case o f  c r y s t a l s .  A popu lar  
f e e l i n g  i s  t h a t  i f  t h e  frequency o f  i n t e r e s t  
has been generated from a quar t z  c r y s t a l ,  i t  
cannot be i n  e r r o r  by any s i g n i f i c a n t  amount. 
Th i s  i s  s imp ly  n o t  t r u e .  Age a f f e c t s  t h e  
frequency o f  a l l  qua r t z  o s c i l l a t o r s .  Al though 
frequency can be measured more p r e c i s e l y  than 
most phenomena, i t  i s  s t i l l  t h e  r e s p o n s i b i l i t y  
o f  t h e  c a l i b r a t i o n  l a b o r a t o r y  t e c h n i c i a n  o r  
general  user t o  keep i n  mind the  to le rances  
needed; f o r  example, musical  notes are  u s u a l l y  
measured t o  a t e n t h  o f  a h e r t z  o r  b e t t e r .  
Power l i n e  frequency i s  c o n t r o l l e d  t o  a m i l l i -  
he r t z .  I f  you d i a l  t he  NBS t ime-o f -day  t e l e -  
phone serv ice ,  you w i  1 1 hear audio frequency 
tones t h a t ,  a l though generated t o  an accuracy 
o f  p a r t s  pe r  one thousand b i l l i o n ,  can be sent  
over t h e  te lephone l i n e s  o n l y  t o  a few p a r t s  
i n  one thousand. So t h e  r e s p o n s i b i l i t y  i s  t h e  
users t o  decide what he needs and whether, i n  
f a c t ,  t h e  measurement scheme he chooses w i l l  
s a t i s f y  those needs. 

Throughout t h i s  book, ment ion i s  made o f  
t he  ease w i t h  which frequency standards can be 
c a l i b r a t e d  t o  h igh  p r e c i s i o n .  L e t  us assume 
t h a t  you have, i n  f a c t ,  j u s t  c a l i b r a t e d  your  
h i g h  q u a l i t y  c r y s t a l  o s c i l l a t o r  and s e t  t h e  
assoc ia ted  c l o c k  r i g h t  on t ime.  What happens 
nex t?  Probably no th ing  happens. The o s c i l -  
l a t o r s  manufactured today a re  o f  e x c e l l e n t  
q u a l i t y  and, assuming t h a t  a s u i t a b l e  b a t t e r y  
supply i s  a v a i l a b l e  t o  p revent  power outages, 
t h e  c l o c k  cou ld  keep very  accura te  t ime f o r  

many weeks. The k i c k e r  i n  t h i s  statement i s ,  
o f  course, t h e  word "accurate. "  I f  you want 
t o  ma in ta in  t ime w i t h  an e r r o r  as smal l  o r  
sma l le r  than a microsecond, you r  c l o c k  cou ld  
ve ry  e a s i l y  have t h a t  amount o f  e r r o r  i n  a few 
minutes. I f  you are  l e s s  concerned w i t h  
microseconds and are  wor r i ed  about o n l y  m i l l i -  
seconds o r  g rea te r ,  a month cou ld  elapse 
be fo re  such an e r r o r  would revea l  i t s e l f .  

The p o i n t  t o  be made here i s  t h a t  no th ing  
can be taken f o r  granted. I f  you come i n t o  
you r  l a b o r a t o r y  on Monday morning hoping t h a t  
eve ry th ing  stayed p u t  over the  weekend, you 
migh t  be unp leasant ly  surpr ised .  D i g i t a l  
d i v i d e r s  used t o  d r i v e  e l e c t r o n i c  c locks  do 
jump occas iona l l y ,  e s p e c i a l l y  i f  t h e  power 
supp l i es  a re  n o t  designed t o  avo id  some o f  t he  
g l i t c h e s  t h a t  can occur. It makes sense, 
t h e r e f o r e ,  t o  check bo th  t ime  and frequency 
p e r i o d i c a l l y  t o  i nsu re  t h a t  t h e  f requency r a t e  
i s  r i g h t  and t h e  c l o c k  i s  on t ime. 

Many users who depend h e a v i l y  on t h e i r  
frequency source f o r  c a l i b r a t i o n s - - f o r  exam- 
p l e ,  manufac tur ing  p l a n t s - - f i n d  i t  convenient 
t o  ma in ta in  a cont inuous reco rd  o f  t h e  f r e -  
quency o f  t h e i r  osc i  1 l a t o r s .  Th i s  u s u a l l y  
takes  t h e  form o f  a c h a r t  reco rd ing  t h a t  shows 
t h e  frequency v a r i a t i o n s  i n  t h e  o s c i l l a t o r  
versus a rece ived s i g n a l  f rom e i t h e r  an NBS 
s t a t i o n  o r  one o f  t he  many o the r  t ransmiss ions  
which have been s t a b i l i z e d .  Among these a re  
t h e  Omega and Loran-C n a v i g a t i o n  s igna ls .  

I f  you r e f e r  t o  Chapter 11 o f  t h i s  book, 
which dea ls  w i t h  t h e  c h a r a c t e r i s t i c s  o f  o s c i l -  
l a t o r s ,  you w i l l  n o t i c e  t h a t  c r y s t a l  o s c i l l a -  
t o r s  and even rub id ium o s c i l l a t o r s  w i l l  d r i f t  
i n  frequency so, depending on you r  app l i ca -  
t i o n ,  p e r i o d i c  adjustments a re  requ i red .  

1 .8  DISTRIBUTING T I M E  AND FREQUENCY SIGNALS 

V I A  CABLES AND TELEPHONE LINES 

Users o f  t ime and frequency s i g n a l s  some- 
t imes want t o  d i s t r i b u t e  e i t h e r  a standard 
f requency waveform o r  a t ime s i g n a l  us ing  
cables.  Th is  i s  o f t e n  t h e  case i n  a labora-  
t o r y  or manufac tur ing  p l a n t  where t h e  stan- 
dards l a b o r a t o r y  p rov ides  s i g n a l s  f o r  users 
th roughout  t h e  p l a n t  area. O f  course, t h e  
s o l u t i o n  t o  any g iven problem depends on good 
eng ineer ing  p r a c t i c e s  and cons ide ra t i on  f o r  
t h e  k i n d  o f  r e s u l t  des i red .  That i s  t o  say, 
i f  you s t a r t  w i t h  a cesium o s c i l l a t o r  and want 
t o  ma in ta in  i t s  accuracy th roughout  a l a r g e  
area, you must use t h e  very  b e s t  o f  equipment 
and cables;  and even then, t h e  s igna l  accuracy 
w i l l  be somewhat de te r io ra ted .  On t h e  o the r  
hand, i f  a l l  t h a t  i s  needed i s  a t ime-of-day 
s i g n a l  on the  company telephone switchboard,  
t h e  s p e c i f i c a t i o n s  can be re laxed.  
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Without  knowing the  p a r t i c u l a r  c o n d i t i o n s  
under which s i g n a l s  are t o  be d i s t r i b u t e d ,  i t  
would be hard t o  s p e c i f y  the  maximum accuracy 
ob ta inab le .  A number o f  a r t i c l e s  have been 
pub l i shed  f o r  d i s t r i b u t i o n  systems us ing  bo th  
c o a x i a l  cables and telephone l i n e s .  The 
r e s u l t s  t h a t  t he  i n d i v i d u a l  w r i t e r s  repo r ted  
v a r i e d  f rom p a r t s  pe r  m i l l i o n  t o  almost one 
p a r t  i n  10 b i l l i o n .  I n  each case t h e  r e s u l t s  
were i n  d i r e c t  r a t i o  t o  the amount o f  e f f o r t  
expended. Since the  a r t i c l e s  were w r i t t e n  a 
number o f  years ago, i t  i s  expected t h a t  be t -  
t e r  r e s u l t s  cou ld  be achieved today. Other 
than t h e  good engineer ing p r a c t i c e s  mentioned 
above, t h e r e  i s  no s imple formula f o r  success- 
f u l  t ransmiss ion  o f  s tandard f requency and 
t ime s i g n a l s .  

Of ten t h e  main problem i s  no ise p i ckup  i n  
the  cables t h a t  causes the  s i g n a l  a t  t he  end 
o f  t he  l i n e  t o  be l e s s  use fu l  than des i red.  
Another problem o f t e n  repo r ted  i s  t he  d i f f i -  
c u l t y  i n  c e r t i f y i n g  t h e  rece ived  accuracy o r  
t o  e s t a b l i s h  NBS t r a c e a b i l i t y  over such a 
d i s t r i b u t i o n  system. A suggest ion would be 
t h a t  c a r e f u l  system management be observed and 
t h a t  p e r i o d i c  e v a l u a t i o n  o f  t h e  system be 
attempted. One method o f  e v a l u a t i n g  a d i s t r i -  
b u t i o n  system would be t o  r o u t e  t h e  s i g n a l  on 
a cont inuous loop and l o o k  a t  t h e  s i g n a l  go ing 
i n  and the  s i g n a l  coming o u t  f o r  a p a r t i c u l a r  
cab le  r o u t i n g .  

For commercial te lephone l i n e s  (which a re  
u s u a l l y  balanced systems), t he  h ighes t  prac-  
t i c a l  f requency t h a t  can be d i s t r i b u t e d  i s  
1000 Hz. Coaxial  cables have been used suc- 
c e s s f u l l y  f o r  f requencies up t o  100,000 Hz. 

Any at tempt  t o  send pulses over a voice-grade 
telephone l i n e  would be unsuccessful  due t o  
the  l i m i t e d  bandwidth. 

A t  t he  NBS Boulder Labora to r ies ,  5 MHz 
s i g n a l s  are t r a n s m i t t e d  w i t h i n  the  b u i l d i n g .  
Commercial d i s t r i b u t i o n  a m p l i f i e r s  w i t h  f a i l -  
sa fe  p r o v i s i o n s  a re  used t o  d r i v e  t h e  cables 
a t  a nominal 50 ohms impedance. Care fu l  cab le  
management assures good r e s u l t s .  Even so, 
ve ry  o f t e n  no ise  w i l l  appear on t h e  cables and 
degrade the  s i g n a l s .  The noise on some cables 
due t o  t h e i r  r o u t i n g  was so bad they  were 
abandoned. 

The NBS telephone t ime-of-day s i g n a l  i s  
rece ived  a t  Boulder v i a  a leased commercial 
te lephone l i n e  t h a t  i s  about 100 m i l e s  i n  
length.  The measured delay f o r  t h i s  l i n e  i s  
approx imate ly  3 t o  5 mi l l i seconds .  This  seems 
t o  be the  usual  o rde r  o f  magnitude o f  de lay 
repo r ted  f o r  commercial te lephone c i r c u i t s .  
I f  you p l a n  t o  use such c i r c u i t s  f o r  d i s t r i -  
b u t i o n  o f  s igna ls ,  keep i n  mind t h a t  a v a r i e t y  
o f  leased l i n e s  o f  v a r y i n g  q u a l i t y  are a v a i l -  
ab le  f rom telephone companies. 

For s i g n a l s  t h a t  are be ing  t r a n s m i t t e d  
over l ong  d is tances on telephone l i n e s ,  t h e  
e r r o r  i n  the  rece ived  frequency i s  u s u a l l y  
severa l  h e r t z  o r  more. This  i s  a consequence 
o f  t h e  method used by the  telephone companies 
t o  combine severa l  s i g n a l s  on a t ransmiss ion  
l i n e  us ing  frequency d i v i s i o n  m u l t i p l e x i n g  
techniques. This  would be t h e  case, f o r  
example, i f  you d i a l e d  t h e  NBS t ime-of -day 
s e r v i c e  on 303-499-7111. The tone as rece ived  
c o u l d  be i n  e r r o r  by severa l  p a r t s  i n  l o3 .  
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For those users want ing  t o  d i s t r i b u t e  
e i t h e r  ve ry  accura te  f requency o r  p r e c i s e  
t ime,  i t  i s  almost f a i r  t o  say t h a t  l o c a l  
cab le  and w i r e  systems a r e  n o t  economical ly 
p r a c t i c a l .  I f  y o u r  requirements a re  c r i t i c a l ,  
i t  i s  u s u a l l y  cheaper i n  t h e  l o n g  r u n  t o  
s imp ly  r e e s t a b l i s h  t ime  and/or f requency a t  
t h e  d e s t i n a t i o n  p o i n t .  The burden o f  i n s t a l -  
l i n g  and m a i n t a i n i n g  a d i s t r i b u t i o n  system can 
be ve ry  g r e a t  f o r  h i g h  accuracy systems. 

1 .9 TIME CODES 

Whenever t ime  i s  a v a i l a b l e  f rom a d i g i t a l  
c l o c k  a t  one l o c a t i o n  and needed a t  another,  
i t  i s  o f t e n  t r a n s f e r r e d  over w i res  o r  r a d i o  by 
means o f  a t ime  code. A t ime  code i s  a s e r i e s  
o f  pu lses  which can e a s i l y  be a s imp le  t e l e -  
t y p e w r i t e r  code, b u t  i s  u s u a l l y  a more e f f i -  
c i e n t  b i n a r y  code where a s e t  o f  pu lses  repre-  
sents one d i g i t .  L e t ' s  say a 4 i s  sent,  mean- 
i n g  4 hours, 4 minutes, o r  4 seconds. The 
l o c a t i o n  o f  a p a r t i c u l a r  b i n a r y  d i g i t  i n  t h e  
code t e l l s  you  i t s  meaning; t h a t  i s ,  whether 
i t  i s  an hour, minute,  o r  second. Depending 
on t h e  a p p l i c a t i o n ,  t h e  code can be sent  as 
a d i r e c t  c u r r e n t  l e v e l  s h i f t  o r  as modulated 
pu lses  on a c a r r i e r  o r  perhaps as tones where 
one frequency o f  tone represents  a b i n a r y  "1" 
and an a l t e r n a t e  tone represents a b i n a r y  0. 

What has been descr ibed above i s  a s e r i a l  
code where one d i g i t  is  sent,  then another,  
t hen  another.  I n te rspe rsed  among t h e  t ime 
b i t s  a re  p o s i t i o n  l o c a t o r s  which he lp  the  
e l e c t r o n i c  equipment t o  recogn ize  what t h e  
f o l l o w i n g  b i t  i s  go ing  t o  mean. It i s  a l s o  
p o s s i b l e  t o  send t ime  codes i n  p a r a l l e l  on 
many conductor cables.  Each w i r e  would then 
c a r r y  i t s  respec t i ve  b i t .  

Time codes have evo lved th rough t h e  years  
and have been s t r o n g l y  i n f l uenced  by t h e  
recommendations o f  t h e  I n t e r  Range Instrumen- 
t a t i o n  Group, known as I R I G .  F igu re  1.2 shows 
a t y p i c a l  I R I G  t ime  code fo rmat  which d i f f e r s  
o n l y  s l i g h t l y  f rom t h e  WV t ime  code shown 
elsewhere i n  t h i s  book. F igu re  1.3 shows t h e  
major c h a r a c t e r i s t i c s  o f  a number o f  I R I G  
codes. For  those readers who want more i n f o r -  
mat ion  on t ime  codes, many manufacturers o f  
d i g i t a l  t imekeeping equipment p r o v i d e  book le ts  
l i s t i n g  a l l  o f  t he  popu lar  codes be ing  used 
and d e t a i l e d  exp lanat ions  o f  t h e  i n d i v i d u a l  
formats.  

I f  you l o o k  i n  a book l i s t i n g  t h e  a v a i l -  
ab le  t ime  codes, you w i l l  n o t i c e  t h a t  t hey  
va ry  i n  frame l e n g t h  and r a t e .  The NBS t ime  
codes were chosen as a compromise on speed and 
l e n g t h  t h a t  matched t h e  o the r  r a d i o  s t a t i o n  
c h a r a c t e r i s t i c s .  The codes on t h e  NBS s ta -  
t i o n s  a re  t r a n s m i t t e d  very  s lowly--so s l o w l y  
t h a t  they  can be recorded d i r e c t l y  on c h a r t  

TIME FRAME 1 M I N U T E  

INDEX COUNT I SEC. 
R E F E R E N C E M A R K E R  

HOURS DAYS 

I T Y P I C A L I  

1 CONTROL_FUNCTIO:S I 

T Y P I C A L  M O D U L A T E D  CARRIER 
Recommended Frequency  100 Hz or 1000 Hz 

IRlG STANDARD TIME CODE 
FORMAT 'H' 
( 1  PPS Code) 

Reference l R l G  Document 104-70 

F I G U R E  1.2. IRlG TIME CODE, FORMAT H. 
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F O R M A T  A 

lOOO-PPS, 34-BIT BCD TlME-OF-YEAR/17-BIT BINARY TIME-OF-DAV CODE 
Tuy fun€ 0.1 UCOND 

INDEX coum Tuy- Iyy- 
IO m m ' .  ' 40 : " ~ : ' " ' Y (0 m m w .  - ' - ' " : ' 

' I  tL+"tLY^CLYt'  

ON T W  

F O R M A T  I 

100-PPS. 30-BIT BCD TIME-OF-YEAR/17-BIT BINARY TIME-OF-DAY CODE 

IUM - ~- ~ --___ 11ME FRAME I SEOND __--__ 
lwf - INOEX COUNl 

INMX MARKER I 1  SKI 

1W AT "I A 11 I M  . 7 . W I I  URS I8 U N  4 l 7 S  S K  ON DAY In 

F O R M A T  D 

1-PPM. 16-BIT BCD TIME-OF-YEAR CODE 

FIGURE 1.3. lRtG TIME CODE FORMATS. 

recorders o r  read by ear  i f  necessary. CHU i n  
Canada and o the r  t ime and frequency s t a t i o n s  
a l s o  have t ime codes as p a r t  o f  t h e i r  broad- 
c a s t  format.  

The t i m e  codes p rov ided  on the  NBS r a d i o  
s t a t i o n s  WV, W H ,  and WWVB can be used f o r  
c l o c k  s e t t i n g .  But  because o f  f a d i n g  and 
noise on the  r a d i o  path,  these pulses cannot 
u s u a l l y  be used d i r e c t l y  f o r  ope ra t i ng  a t i m e  
d i s p l a y .  I ns tead ,  t he  i n f o r m a t i o n  i s  rece ived  
and decoded and used t o  r e s e t  a c l o c k  t h a t  i s  
a l ready  opera t i ng  and keeping t ime. However, 
t he  no ise  and f a d i n g  o f t e n  cause e r r o r s  i n  the  
decoding so any c l o c k  system t h a t  in tends t o  
use r a d i o  t ime codes must have p r o v i s i o n s  t o  
f lywheel w i t h  a c r y s t a l  o s c i l l a t o r  and main- 
t a i n  the  requ i red  accuracy between the  suc- 
cess fu l  decodes. 

Does t h i s  mean t h a t  t he  t ime codes as 
t r a n s m i t t e d  and received are o f  l i t t l e  prac-  

t i c a l  value? No, on the  con t ra ry .  There are 
so few sources o f  accurate,  d i s t r i b u t e d  t ime 
t h a t  these t ime codes a re  o f  immense va lue t o  
people who must keep t ime a t  remote l o c a t i o n s .  
The d e s c r i p t i o n  o f  how t o  use the  t i m e  codes 
would suggest t h a t  they a re  compl icated and 
cumbersome. This  may have been t r u e  a few 
years ago. But w i t h  the  advent o f  modern 
i n t e g r a t e d  c i r c u i t  technology, bo th  the  c o s t  
and complex i ty  have been reduced t o  manageable 
p ropor t i ons .  The r e a l  p o i n t  t o  be n o t i c e d  i s  
t h a t  t he  code cannot be used d i r e c t l y  b u t  must 
be used t o  r e s e t  a running c l o c k  w i t h  s u i t a b l e  
data r e j e c t i o n  c r i t e r i a .  

I n f o r m a t i o n  obta ined by t h e  NBS f rom i t s  
ma i l  and d i r e c t  con tac t  w i t h  users suggests 
t h a t  t ime codes w i l l  be used more and more. 
Several f a c t o r s  have s t r o n g l y  i n f l uenced  t h i s  
increased usage. One o f  these i s  t h e  a v a i l -  
a b i l i t y  o f  low-cost d i g i t a l  c locks.  The o t h e r  
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f a c t o r ,  as p r e v i o u s l y  mentioned, seems t o  be 
the  c o s t  reduc t i ons  i n  i n t e g r a t e d  c i r c u i t s .  
These c i r c u i t s  a re  so inexpens ive  and depend- 
a b l e  t h a t  t hey  have made p o s s i b l e  new a p p l i -  
c a t i o n s  f o r  t ime  codes t h a t  were i m p r a c t i c a l  
w i t h  vacuum tubes. 

The accuracy o f  t ime  codes as rece ived  
depends on a number o f  f a c t o r s .  F i r s t  o f  a l l ,  
you have t o  account f o r  t h e  propagat ion  p a t h  
delay. A user who i s  1000 miles f rom t h e  
t r a n s m i t t e r  experiences a de lay  o f  about 5 
microseconds p e r  m i l e .  Th i s  works o u t  t o  be 5 
m i l l i s e c o n d s  t ime  e r r o r .  To t h i s  we must add 
t h e  de lay  th rough t h e  r e c e i v e r .  The s i g n a l  
does n o t  i n s t a n t l y  go from t h e  r e c e i v i n g  
antenna t o  t h e  loudspeaker o r  t h e  l i g h t e d  
d i g i t .  A t y p i c a l  r e c e i v e r  de lay  migh t  be 
one-ha l f  m i l l i second .  So a user can exper i -  
ence a t o t a l  de lay  as l a r g e  as 8 t o  10 m i l l i -  
seconds, depending on h i s  l o c a t i o n .  Th is  
amount o f  de lay  i s  i n s i g n i f i c a n t  f o r  most 
users. Bu t  f o r  those who do r e q u i r e  accurate 
synch ron iza t i on  o r  t ime  o f  day, t h e r e  i s  a 
method f o r  removing t h e  p a t h  delay.  Manufac- 
t u r e r s  o f  t ime  code r e c e i v e r s  ve ry  o f t e n  
i n c l u d e  a s imp le  sw i t ch ing  arrangement t o  d i a l  
o u t  t h e  p a t h  delay.  When opera t i ng  t ime  code 
genera tors ,  t h e  usual  recommendations f o r  
b a t t e r y  backup shou ld  be f o l l o w e d  t o  avo id  
e r r o r s  i n  t h e  generated code. 

THE UTILITY OF TIME CODES. I n  a d d i t i o n  
t o  us7ng codes f o r  s e t t i n g  remote c locks  from, 
say, a master c lock ,  t ime  codes a re  used on 
magnetic tape systems t o  search f o r  informa- 
t i o n .  The t ime  code i s  recorded on a separate 
tape t rack .  La te r ,  t h e  opera tor  can l o c a t e  
and i d e n t i f y  i n f o r m a t i o n  by t h e  t ime  code 
read ing  assoc ia ted  w i t h  t h a t  p a r t i c u l a r  spo t  
on t h e  tape. Many manufacturers p rov ide  t ime  
code genera t i on  equipment express ly  f o r  t h e  
purpose o f  tape search. 

Another a p p l i c a t i o n  o f  t ime  codes i s  f o r  
d a t i n g  events. The GOES s a t e l l i t e  t ime  code 
(chapter  10) i s  used t o  add t ime  and a da te  t o  
environmental  da ta  c o l  1 ec ted  by  t h e  sate1 1 i t e .  

There a re  many o t h e r  uses. The e l e c t r i c  
power i n d u s t r y  a u t o m a t i c a l l y  rece ives  t h e  t ime  
code from WVB, decodes t h e  t ime  o f  day, and 
uses t h i s  i n f o r m a t i o n  t o  s t e e r  t h e  e l e c t r i c  
power network. Many o f  t h e  te lephone compa- 
n i e s  use a decoded s i g n a l  t o  d r i v e  t h e i r  
machines which a c t u a l l y  answer t h e  phone when 
you  d i a l  t h e  t ime  o f  day. Even bank s igns  
t h a t  g i v e  t ime  and temperature a re  o f t e n  
d r i v e n  from t h e  rece ived  t ime  code. Why i s  
t h i s ?  The main reason a t ime  code i s  used i s  
t o  avo id  e r r o r s .  I t  a l s o  reduces t h e  amount 
of work t h a t  must be done t o  keep t h e  p a r t i -  
c u l a r  c l o c k  accurate.  
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CHAPTER 2. THE EVOLUTION OF TIMEKEEPING 

2 .1  TIME SCALES discrepancy was e v e n t u a l l y  i d e n t i f i e d  as be ing  
caused by a wobble i n  t h e  e a r t h ' s  ax i s .  The 
amount o f  wobble i s  about 15 meters. By care- 

A t ime  sca le  i s  s imp ly  a system of as- f u l  measurements made a t  va r ious  obse rva to r ies  
s i g n i n g  dates t o  events o r  coun t ing  pendulum th roughout  t h e  wor ld ,  t h i s  wobble was c o r r e c t -  
swings. ed f o r  and a new t ime  des igna t ion  c a l l e d  UT1 
sky i s  one t ype  of t ime  sca le ,  c a l l e d  as t ro -  was born.  I n  ou r  search f o r  u n i f o r m i t y ,  we 

The apparent mot ion  o f  t h e  sun i n  t h e  

nomical time:. Today, we a l s o  
t ime, where an atomic o s c i l l a t o r  
dulum". To see how t h e  va r ious  
came about, l e t ' s  t ake  a b r i e f  
e v o l u t i o n  o f  t ime. 

2 .1.1 SOLAR TIME 

have atomic have now taken care  o f  t h e  n o n - c i r c u l a r  - o r b i t  
i s  t h e  "pen- (UTO) and t h e  a x i s  wobble of t h e  e a r t h  (UTl). 
t ime  sca les  
l o o k  a t  t h e  As science and technology improved pen- 

dulum and quar t z  c r y t a l  c locks ,  i t  was d i s -  

To rev iew what has happened 
t o  t imekeeping and t h e  name g i v -  
en t o  t h e  r e s u l t i n g  t ime  o f  day, 
cons ider  a t ime  system t h a t  uses 
t h e  sun and t h e  sund ia l .  The sun 
i s  t h e  f l ywhee l  and has a p e r i o d  
o f  24 hours. The sund ia l  can 
i n d i c a t e  t h e  f r a c t i o n s  o f  cyc les  
( t ime o f  day). As complete days 
elapse, ca lendars  can be used t o  
count  t h e  days and d i v i d e  them 
i n t o  weeks and years.  But  ou r  
newly formed c l o c k  i s  n o t  un i -  
fo rm i n  i t s  t imekeeping because 
t h e  e a r t h ' s  o r b i t  around t h e  sun 
i s  n o t  c i r c u l a r .  It slows down 
and speeds up depending on i t s  
d i s tance  from t h e  sun. The ear-  
l y  astronomers and mathemati- 
c ians  understood these laws o f  
mot ion  and were ab le  t o  c o r r e c t  
t h e  "apparent s o l a r  t ime" t o  ob- 
t a i n  a more un i fo rm t ime  c a l l e d  
"mean s o l a r  t ime".  Th is  cor rec-  
t i o n  i s  c a l l e d  t h e  Equat ion o f  
Time and i s  o f t e n  found engraved 
on sund ia ls .  Un iversa l  Time 
(UTO) i s  equal t o  mean s o l a r  t ime  
if you make t h e  c o r r e c t i o n  a t  t h e  
Greenwich mer id ian  i n  England. 
We now have UTO, the  f i r s t  i n  a s e r i e s  
o f  des ignat ions  f o r  t ime  t h a t  has evolved 
th rough t h e  p a s t  years.  

I f  you use a s t a r  t h a t  i s  f a r t h e r  away 
than  our  own sun, t h e  f a c t  t h a t  t h e  e a r t h  i s  
n o t  i n  p e r f e c t  c i r c u l a r  o r b i t  becomes unim- 
po r tan t .  Th i s  i s  c a l l e d  " s i d e r e a l  t ime" and 
i s  s i m i l a r  t o  mean s o l a r  t ime  s ince  b o t h  a re  
based on t h e  e a r t h ' s  sp inn ing  on i t s  ax i s .  
The r a t e  i s  d i f f e r e n t  by one day p e r  yea r  
s ince  t h e  e a r t h  c i r c l e s  t h e  sun i n  a year .  

As b e t t e r  c locks  were developed, as t ron -  
omers began t o  n o t i c e  a discrepancy i n  Univer-  
s a l  Time measured a t  d i f f e r e n t  l o c a t i o n s .  The 

covered t h a t  UT1 had p e r i o d i c  f l u c t u a t i o n s  
whose o r i g i n  was unknown. Due t o  the  a v a i l a -  
b i l i t y  of e x c e l l e n t  c locks ,  these f l u c t u a t i o n s  
cou ld  be and were removed, r e s u l t i n g  i n  an 
even more un i fo rm UT2. 

To rev iew,  UT1 i s  t h e  true n a v i g a t o r ' s  
sca le  r e l a t e d  t o  t h e  e a r t h ' s  angu lar  p o s i t i o n .  
UT2 i s  a smooth t ime and does n o t  revea l  t h e  
r e a l  v a r i a t i o n s  i n  t h e  e a r t h ' s  p o s i t i o n .  When 
t h e  w o r l d ' s  t imekeepers went t o  UT2, they  
bypassed t h e  nav iga to rs '  r e a l  needs. A 1 i t t l e  
l a t e r  we s h a l l  descr ibe  t h e  present-day system 
which i n  e f f e c t  remedies the  dilemma. 



Up u n t i l  now we have been t a l k i n g  about 
t h e  Un iversa l  Time f a m i l y ,  and f i g u r e  2.1 
shows t h e  r e l a t i o n s h i p  between t h e  d i f f e r e n t  
un i ve rsa l  t imes. L e t  us now examine t h e  o t h e r  
members o f  t h e  t ime  fam i l y .  The f i r s t  o f  
these i s  "ephemeris t ime" .  An ephemeris i s  
s imp ly  a t a b l e  t h a t  p r e d i c t s  t h e  p o s i t i o n s  o f  
t h e  sun, moon, and p lanets .  It was soon 
n o t i c e d  t h a t  these p r e d i c t e d  p o s i t i o n s  on t h e  
t a b l e  d i d  n o t  agree w i t h  t h e  observed pos i -  
t i o n s .  An ana lys i s  o f  t h e  d i f f i c u l t y  showed 
t h a t  i n  f a c t  t he  r o t a t i o n a l  r a t e  o f  t h e  e a r t h  
was n o t  a cons tan t ,  and t h i s  was l a t e r  con- 
f i rmed  w i t h  c r y s t a l  and atomic c locks .  I n  
response t o  t h i s  problem, the  astronomers 
c rea ted  what i s  c a l l e d  "ephemeris t ime" .  It 
i s  determined by t h e  o r b i t  o f  t h e  e a r t h  about 
t h e  sun, n o t  by t h e  r o t a t i o n  o f  t h e  e a r t h  on 
i t s  a x i s .  

UNIVERSAL TIME FAMILY 
APPARENT SOLAR TIME 
t 

CORRtCltD BY 
IUULTION O F  I I M ~  I) M E A N  SOLAR T IME 

IuTfl l  
t 

CORRtCTtD FOR 
MlCRlTlON O F  POLES 

At-8.05sec I) U T I  
t 

C O R R t C T t D  F O R  
KNOWN P[RIODICIIY 

A t - 0 . 0 5 ~  I) U T 2  

FIGURE 2.1. UNIVERSAL TIME FAMILY 
RELATIONSHIPS. 

2.1.2 ATOMIC TIME 

Another k i n d  o f  t ime  t h a t  can be gener- 
a ted  and used i s  atomic t ime. Whereas t h e  
Un iversa l  Time sca le  i s  ob ta ined by  coun t ing  
cyc les  o f  t h e  e a r t h ' s  r o t a t i o n  from some 
agreed-upon s t a r t i n g  p o i n t ,  an atomic t ime  
sca le  can be ob ta ined by coun t ing  cyc les  o f  a 
s i g n a l  locked t o  some atomic resonance. 

I n  t h e  l a t e  1940's,  t h e  Na t iona l  Bureau 
o f  Standards announced t h e  f i r s t  atomic c lock .  
S h o r t l y  t h e r e a f t e r  severa l  n a t i o n a l  l abo ra to r -  
i e s ,  i n c l u d i n g  t h e  I n t e r n a t i o n a l  Time Bureau 
( B I H ) ,  s t a r t e d  atomic t ime  scales.  

I n  1971 t h e  General Conference o f  Weights 
and Measures o f f i c i a l l y  recognized t h e  Atomic 
Time Scale and endorsed t h e  BIH t ime sca le  as 
t h e  I n t e r n a t i o n a l  Atomic Time Scale, TAI. The 
r o l e  o f  t h e  BIH i n  i n t e r n a t i o n a l  c o o r d i n a t i o n  
i s  discussed l a t e r  i n  t h i s  chapter.  Since t h e  
f i r s t  o f  January 1972, the  Atomic Time Scale 
has been d i s t r i b u t e d  by most coun t r i es  i n  t h e  
wor ld.  

FIGURE 2.2. FIRST ATOMIC CLOCK. 

Today, t h e  t ime  o f  day can be g o t t e n  t o  a 
ve ry  h i g h  o rde r  o f  accuracy because, u n l i k e  a 
coarse sund ia l ,  an atomic c l o c k  measures smal l  
f r a c t i o n s  o f  a second. Furthermore, i t  g ives  
us e s s e n t i a l l y  cons tan t  u n i t s  o f  t i m e - - i t  i s  a 
un i fo rm t imekeeper. U n i f o r m i t y  i s  impor tan t  i n  
technology, synch ron iza t i on  o f  power gener- 
a t o r s ,  and i n  t h e  general  problem o f  t r y i n g  t o  
make two t h i n g s  happen o r  s t a r t  a t  t h e  same 
t ime. 

L e t ' s  rev iew f o r  a moment t h e  severa l  
t ime  sca les  we have discussed. F i r s t ,  t h e  
un ive rsa l  t ime  f a m i l y  i s  dependent on t h e  
e a r t h ' s  s p i n  on i t s  ax i s .  Second, ephemeris 
t ime  depends on t h e  o r b i t a l  mot ion  o f  t h e  
e a r t h  about t h e  sun. And f i n a l l y ,  atomic 
t ime,  which i s  ve ry  un i fo rm and p rec i se ,  
depends on a fundamental p r o p e r t y  o f  atoms. 

F igu re  2.3 i l l u s t r a t e s  t h e  d i f f e r e n c e s  i n  
these several  k inds  o f  t ime. Because o f  t h e  
s low o r b i t a l  mot ion  o f  t h e  ea r th ,  about one 
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FIGURE 2.3. CLASSES OF TIME SCALES 
AND ACCURACIES. 

c y c l e  p e r  year ,  measurement u n c e r t a i n t i e s  
l i m i t  t h e  accuracy o f  Ephemeris Time t o  about 
0.05 second i n  a 9-year per iod .  Un iversa l  
Time can be determined t o  a few thousandths o f  
a second o r  several  m i l l i seconds  i n  one day. 
Atomic Time i s  accura te  t o  a few b i l l i o n t h s  o f  
a second i n  a minute o r  l ess .  From these 
numbers and the  f i g u r e ,  i t  i s  easy t o  see why 
s c i e n t i s t s  have been lean ing  toward a t ime  
sca le  de r i ved  from an atomic c lock .  

A .  Coordinated Un iversa l  Time 

P r i o r  t o  1972, most standard f requency 
r a d i o  broadcasts were based on a t ime  sca le  
c a l l e d  Coordinated Un iversa l  Time (UTC). The 
r a t e  o f  a UTC c l o c k  was c o n t r o l l e d  by atomic 
o s c i l l a t o r s  so i t  would be as un i fo rm as 
poss ib le .  These atomic o s c i l l a t o r s  operated 
a t  t h e  same frequency f o r  a whole year ,  b u t  
were changed i n  r a t e  a t  t he  beg inn ing  o f  a new 
year  i n  an a t tempt  t o  match t h e  fo r thcoming 
e a r t h  r o t a t i o n a l  r a t e ,  UT2. Th is  annual 
change was s e t  by t h e  BIH. For ins tance,  
between 1965 and 1966, t h e  r e l a t i v e  f requency, 
F ,  o f  standard f requency r a d i o  broadcasts was 
s e t  equal t o  -150 x 10- lo .  Th is  meant t h a t  
a l l  o f  t h e  WV frequencies,  f o r  example, were 
lower  than t h e i r  nominal values. (See Chapter 
3 f o r  a f u l l  exp lana t ion  o f  nominal va lues . )  

However, t h e  e a r t h ' s  r o t a t i o n a l  r a t e  
cou ld  n o t  be accu ra te l y  p red ic ted ,  and so UTC 
would s low ly  g e t  o u t  o f  s tep  w i t h  e a r t h  t ime. 
Th is  was a problem f o r  nav iga tors  who needed 
s o l a r  t ime- - they  had t o  app ly  a c o r r e c t i o n  t o  
UTC, b u t  i t  was d i f f i c u l t  t o  determine t h e  
amount o f  c o r r e c t i o n .  

Experience r a p i d l y  showed t h a t  i t  would 
be an advantage t o  s i m p l i f y  t h e  UTC system t o  
avo id  changing t h e  r a t e  each year.  A d e c i s i o n  
was made t o  broadcast t h e  nominal values o f  
t h e  f requency standards and t o  do away w i t h  
annual changes i n  r a t e .  Thus, a way was 
developed t o  keep UTC i n  c l o s e r  agreement w i t h  
s o l a r  t ime. 

8. The New UTC Svstem 

The new UTC system came about as a so lu -  
t i o n  t o  t h e  problem o f  changing t h e  frequency 
r a t e  each year  o r  so. It was adopted i n  
Geneva i n  1971 and became e f f e c t i v e  i n  1972. 
Under t h e  new system, t h e  f requency d r i v i n g  
a l l  c l ocks  was l e f t  a t  t h e  atomic r a t e  w i t h  
zero  o f f s e t .  Bu t  by us ing  a zero  o f f s e t ,  t h e  
c locks  would g r a d u a l l y  g e t  o u t  o f  s tep  w i t h  
t h e  day. The r e s u l t i n g  s i t u a t i o n  was n o t  
unique because t h e  year  has never been an 
exac t  m u l t i p l e  o f  t he  day, and so we have leap 
years.  Leap years  keep our  calendar i n  s tep  
w i t h  t h e  seasons. 

The same scheme was adopted t o  keep 
c locks  i n  s tep  w i t h  t h e  sun, and t h e  " l eap  
second" was born. To make adjustments i n  the  
c lock ,  a p a r t i c u l a r  minute would con ta in  
e i t h e r  61 o r  59 seconds ins tead  o f  t h e  conven- 
t i o n a l  60 seconds. You cou ld ,  t he re fo re ,  
e i t h e r  have a p o s i t i v e  o r  a negat ive  leap 
second. It was expected and proved t r u e  t h a t  
t h i s  would normal ly  occur once a year .  

The new UTC p l a n  works l i k e  t h i s .  By 
i n t e r n a t i o n a l  agreement, UTC i s  ma in ta ined 
w i t h i n  9/10 o f  a second o f  t h e  n a v i g a t o r ' s  
t ime  sca le  UT1. The i n t r o d u c t i o n  o f  leap  
seconds w i l l  p e r m i t  a good c l o c k  t o  keep 
approximate s tep  w i t h  t h e  sun. Since t h e  
r o t a t i o n  o f  t h e  e a r t h  i s  n o t  un i fo rm we can- 
n o t  e x a c t l y  p r e d i c t  when leap seconds w i l l  be 
added o r  de le ted ,  b u t  t hey  u s u a l l y  occur on 
June 30 o r  December 31. P o s i t i v e  leap seconds 
were added on June 30, 1972, and December 31, 
1972 through 1978. 

NORMAL MINUTE 
iNO LEAP SECOND ADDEDJ 

D a f i n g  01 Even! S h o w n  

3 0  June, 23h 5 9 m 5 9 5 s U I C  

EVENT 

3 0  June,  23 59m 

MINUTE WITH LEAP SECOND ADDED 

Doling of Evenr Shown 

3 0 J u n e  2 3 h s 9 m 6 0 s ~ u r c  

EVENT 

3 0  J ~ ~ ~ ,  23h 5 9 m  I July, O h  O m  

FIGURE 2.4. DATING OF EVENTS I N  THE 
VICINITY OF A LEAP SECOND. 

What does t h i s  mean t o  t h e  user o f  a t ime  
and frequency broadcast? It s imp ly  means t h a t  
t h e  t ime  he ge ts  w i l l  never d i f f e r  f rom UT1 by 
more than  9/10 o f  a second. Most users,  such 
as r a d i o  and t e l e v i s i o n  s t a t i o n s  and telephone 
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Countries and areas which have not adopted 
zone system or where  t ime  d i f f e r s  other than  
half  hour from neighboring zones 

Even numbered zone 0 Odd numbered zone Hal t  hour zone 

FIGURE 2.5. STANDARD TIME ZONES OF THE WORLD REFERENCED TO UTC. 

t ime-of -day se rv i ces ,  use UTC so they d o n ' t  
care how much i t  d i f f e r s  f rom UT1. Even most 
boaters /nav igators  d o n ' t  need t o  know UT1 t o  
b e t t e r  than 9/10 o f  a second, so t h e  new UTC 
a l s o  meets t h e i r  needs. 

However, t h e r e  a re  a smal l  number o f  
users who do need UT1 t i m e  t o  b e t t e r  than 9/10 
o f  a second. To s a t i s f y  t h i s  need, most 
s tandard t ime and frequency r a d i o  s t a t i o n s  
i n c l u d e  a c o r r e c t i o n  i n  t h e i r  broadcasts which 
can be appl  i e d  t o  UTC t o  o b t a i n  UT1. 

On WV, f o r  instance,  t h e  c o r r e c t i o n s ,  i n  
u n i t s  o f  0.1 second, a re  encoded i n t o  t h e  
broadcasts by us ing  double t i c k s  o r  pu lses 
a f t e r  t he  s t a r t  o f  each minute. The amount o f  
c o r r e c t i o n  i s  determined by coun t ing  t h e  
number o f  successive double t i c k s  heard each 
minute,  and the  s i g n  o f  t he  c o r r e c t i o n  i s  

g i ven  by t h e  l o c a t i o n  o f  t he  double t i c k s  
w i t h i n  the  minute. 

We should keep i n  mind t h a t  t h e  advantage 
we g a i n  by us ing  t h e  new UTC system prevents  
us f rom s imply  s u b t r a c t i n g  t h e  dates o f  two 
events t o  g e t  t h e  t ime  d i f f e r e n c e  between 
them. We must, i n  f a c t ,  t ake  i n t o  account any 
l eap  seconds t h a t  were added o r  de leted.  You 
should be e s p e c i a l l y  cau t ious  i f  the  t ime 
i n t e r v a l  o f  i n t e r e s t  extends backward i n t o  a 
p e r i o d  where t h e  w o r l d  t ime  system was n o t  
ope ra t i ng  on t h e  new UTC t ime  sca le  ( p r i o r  t o  
1972). 

2.1.3 TIME ZONES 

A l l  s tandard t ime  and frequency s t a t i o n s  
broadcast Coordinated Universa l  Time, which i s  
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re fe renced t o  t h e  Greenwich meridian. How- 
ever ,  many users want t o  d i s p l a y  l o c a l  t ime. 
I f  the  t ime  i s  be ing  decoded from a t ime code 
(as opposed t o  a vo ice  t ime-of-day announce- 
ment), t h e  problem can be so lved by us ing  
i n t e g r a t e d  c i r c u i t  l o g i c .  I n  f a c t ,  spec ia l  
ch ips  have been manufactured t h a t  a l l o w  t h e  
c l o c k  t o  d i s p l a y  t ime from any o f  t h e  wor ld  
t ime zones, even though i t  i s  r e c e i v i n g  and 
decoding UTC. F igu re  2 . 5  shows a map o f  t he  
t ime zones c u r r e n t l y  i n  use. 

Cont ra ry  t o  popu lar  op in ion , the  Nat iona l  
Bureau o f  Standards i s  n o t  i n v o l v e d  w i t h  
de termin ing  t ime  zones i n  t h e  Un i ted  Sta tes .  
Th is  r e s p o n s i b i l i t y  has been g iven t o  t h e  
Department o f  T ranspor ta t i on  because t h e  need 
f o r  des igna t ing  t ime  zones came about f rom t h e  
use o f  r a i l r o a d s  f o r  i n t e r s t a t e  commerce. I n -  
f o rma t ion  about the  t ime  zones i n  t h e  U. s. 
can be ob ta ined from the  Department o f  Trans- 
p o r t a t i o n ,  Washington, DC 20590. 

To rev iew then, we have the  un fo r tuna te  
s i t u a t i o n  where t h e  s c i e n t i s t  wants a un i fo rm 
t ime sca le  (UTC) and t h e  nav iga to rs  r e q u i r e  a 
c l o c k  t i e d  t o  t h e  e a r t h ' s  p o s i t i o n  (UT1) which 
i s  non-uniform. Therefore,  c o r r e c t i o n s  must be 
made t o  conver t  UTC t o  UT1. 

Wi th  t h i s  d iscuss ion ,  t he  reader can more 
e a s i l y  understand why t h e  new UTC system was 
developed. I t  i s  a compromise between a pure- 
l y  un i fo rm t ime  sca le  f o r  s c i e n t i f i c  app l i ca -  
t i o n  and t h e  non-uni form measurement o f  t h e  
e a r t h ' s  p o s i t i o n  f o r  nav iga t i on  and astronomy. 
As mentioned be fore ,  we keep t h e  calendar i n  
s tep  w i t h  t h e  seasons by us ing  t h e  leap years  
and our c locks  i n  s tep  w i t h  t h e  sun (day and 
n i g h t )  by us ing  leap seconds. 

2 .2  USES OF TIME SCALES 

2 . 2 . 1  SYSTEMS SYNCHRONIZATION 

There a re  many a p p l i c a t i o n s  f o r  t i m i n g  
where i t  does n o t  ma t te r  i f  t h e  c l o c k  i n  use 
i s  on t ime  o r  no t ,  nor  does i t  mat te r  i f  t h e  
seconds a re  uniform. A c h i l d ' s  race i s  a good 
example. I f  someone shouts "Go", t h e  s t a r t i n g  
t ime  i s  synchronized and i t  doesn ' t  ma t te r  i f  
i t  occur red  on t h e  second. I n  o t h e r  words, i t  
i s  n o t  e s s e n t i a l  t h a t  c locks  be on t h e  r i g h t  
t i m e - - i t  i s  o n l y  impor tan t  t h a t  they  a l l  read 
t h e  ~ a m e  t ime- - tha t  i s ,  they  have t o  be synch- 
ron ized.  

It i s  o n l y  a ma t te r  o f  convenience and 
convent ion  t o  encourage t h e  use o f  t h e  c o r r e c t  
t ime. The convenience a r i s e s  because o f  t h e  
ease w i t h  which l o s t  t ime can be recovered. 
I f  a locomot ive  engineer can ge t  t h e  t ime  t o  
r e s e t  h i s  watch by s imp ly  c a l l i n g  h i s  l o c a l  
te lephone company o r  ask ing  another t ra inman, 
he i s  ab le  t o  ma in ta in  h i s  schedule w i t h  ease. 

I n  summary, t h e r e  i s  an advantage and 
b e n e f i t  t o  keeping everyone synchronized and 
on t h e  c o r r e c t  t ime. I n  a way i t  i s  much l i k e  
t h e  argument i n  f a v o r  o f  standards themselves. 
I f  you s top  t o  he lp  a m o t o r i s t  by t h e  s ide  o f  
t h e  road, your  conf idence t h a t  your  t o o l s  w i l l  
f i t  h i s  c a r  i s  reassur ing .  I n  t h e  same way, 
by  us ing  the  same t ime  o f  day, annoyances 
caused by e r r o r s  a re  reduced. 

Before we leave t h e  sub jec t  o f  synchro- 
n i z a t i o n ,  we should ment ion t h a t  t he re  a re  
a p p l i c a t i o n s  i n  astronomy, communications, and 
n a v i g a t i o n  where synchron iza t ions  t o  an 
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accuracy o f  a m i l l i o n t h  o f  a second o r  b e t t e r  
are requi red.  Al though the  average person i s  
n o t  t e r r i b l y  concerned i f  he a r r i v e s  a t  
school ,  church, o r  a p i c n i c  on t ime  t o  w i t h i n  
a f e w  minutes o r  so,  an a i r l i n e r  n a v i g a t i n g  
w i t h  a c l o c k  i n  e r r o r  by one m i l l i o n t h  o f  a 
second (microsecond) would have a p o s i t i o n  
e r r o r  o f  a q u a r t e r  o f  a m i le .  

Th i s  i s  a l s o  t r u e  i n t e r n a t i o n a l l y  w i t h  
respect  t o  high-speed d i g i t a l  communications 
where severa l  m i l l i o n  cha rac te rs  can be sent  
and rece ived  each second. H e r e  t h e  " t ime"  
be ing  used may be a few microseconds, so t h e  
sending and r e c e i v i n g  equipment must be 
synchronized t o  t h i s  accuracy. If t h i s  
synch ron iza t i on  can be obta ined from a l o c a l  
n a v i g a t i o n  o r  t ime  and frequency s t a t i o n ,  i t  
enables r a p i d ,  e r r o r - f r e e  data t ransmiss ion.  

2 .2 .2  NAVIGATION AND ASTRONOMY 

Al though most users l i k e  the  u n i f o r m i t y  
o f  atomic t ime,  t h e r e  i s  one a p p l i c a t i o n  t h a t  
needs the non-un i fo rm i t y  o f  s o l a r  t i m e .  Th is  
i s  i n  t h e  area of c e l e s t i a l  n a v i g a t i o n  where 
t h e  mot ion o f  t he  e a r t h  i s  a way o f  f i n d i n g  
o u t  where you are on t h e  ea r th .  

Navigators  who f i n d  t h e i r  p o s i t i o n s  f rom 
the  s t a r s  are among the  g r e a t e s t  users o f  
s tandard t i m e  broadcasts.  Since the  e a r t h  
makes one r e v o l u t i o n  i n  24 hours,  a person can 
f i n d  h i s  p o s i t i o n  ( i n  l ong i tude )  i f  he knows 

h i s  l o c a l  t ime and the  t ime d i f f e r e n c e  between 
t h e  Greenwich mer id ian  and h imse l f .  

As an example, a person t r y i n g  t o  f i n d  
h i s  p o s i t i o n  uses an inst rument  l i k e  a sex tan t  
t o  measure the  l o c a l  s o l a r  t ime wherever he 
might  be on the  ea r th .  H i s  problem then i s  
t r y i n g  t o  f i n d  o u t  what the  t i m e  i s  a t  t he  
Greenwich mer id ian.  This  i s  t he  same problem 
t h a t  generated a l l  t he  i n t e r e s t  severa l  
hundred years ago i n  develop ing a good chrono- 
meter. Th ise c locks  were used f o r  many years 
u n t i l  r a d i o  came on t h e  scene. Even today, 
most vessels do n o t  leave home w i t h o u t  a good 
chronometer. 

Because o f  t h i s  v i t a l  need f o r  t ime  o f  
day on the  h i g h  seas, many c o u n t r i e s  operate 
h i g h  frequency r a d i o  s t a t i o n s  t o  serve nav i -  
ga to rs .  The Un i ted  States operates WWV i n  
F o r t  C o l l i n s ,  Colorado, and WWVH i n  Hawai i .  
S i m i l a r  s t a t i o n s  a re  operated by the  Canadians 
and the  Japanese and many c o u n t r i e s  i n  Europe 
and Asia. The U. S .  Navy a l s o  broadcasts t i m e  
s i g n a l s  f rom a number o f  r a d i o  s t a t i o n s .  

Most l a r g e  c o u n t r i e s  a l s o  ma in ta in  obser- 
v a t o r i e s  t o  measure and reco rd  ast ronomical  
t ime. Th is  i s  done by us ing  telescopes, and 
t h e  o f f i c i a l  Un i ted  States Observatory i s  
operated by t h e  Navy i n  Llashington, D. C. 
Astronomical  t ime i s  somewhat d i f f i c u l t  t o  
measure accu ra te l y .  E r r o r s  o f  a few m i l l i -  
seconds are r e a l i z e d  o n l y  a f t e r  a whole eve- 
n i n g ' s  s i g h t i n g s  have been taken and averaged. 

THE HARRISON CHRONOMETER. 
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FIGURE 2.6. NBS, USNO, AND B I H  INTERACTIONS. 

2.3 INTERNATIONAL COORDINATION OF 

TIME AND FREQUENCY ACTIVITIES 

2.3.1 THE ROLE OF THE INTERNATIONAL 

TIME BUREAU (BIH) 

U n l i k e  standards such as l e n g t h  o r  mass, 
t ime  o f  day can be rece ived  from many sources. 
Both Canada and t h e  U. S .  have p r imary  f r e -  
quency standards t h a t  a c t  as f l ywhee ls  f o r  
accura te  t imekeeping. I n  a d d i t i o n ,  t h e  U. S.  
Naval Observatory makes astronomical  observa- 
t i o n s  f o r  de termin ing  UT1 and keeps accura te  
c locks  runn ing  f o r  use by t h e  Department of 
Defense. 

Other l a b o r a t o r i e s  th roughout  t h e  w o r l d  
a l s o  ma in ta in  p r imary  f requency standards f o r  
t h e i r  coun t r i es :  The PTB i n  Germany, t h e  
Na t iona l  Phys ica l  Labora tory  i n  England, t h e  
Radio Research Labs i n  Japan, and t h e  Na t iona l  
E l e c t r o t e c h n i c a l  I n s t i t u t e  i n  I t a l y ,  j u s t  LO 
name a few. 

Time and frequency i n f o r m a t i o n  f rom a l l  
of  these l a b o r a t o r i e s  i s  c o l l e c t e d  by  t h e  
I n t e r n a t i o n a l  Time Bureau ( B I H )  i n  P a r i s ,  
France, which i s  t h e  agency respons ib le  f o r  
i n t e r n a t i o n a l  coo rd ina t i on .  There, t h e  i n f o r -  
mat ion  i s  eva lua ted  and t h e  ac tua l  t ime  cor -  
r e c t i o n s  f o r  each c o n t r i b u t i n g  c l o c k  a re  
determined. By i n t e r n a t i o n a l  agreement, a l l  
UTC t ime  sca les  must agree w i t h  t h e  UTC t ime  
sca le  operated by t h e  BIH t o  w i t h i n  f 1 m i l l i -  
second. The r e s u l t  i s  a un i fo rm wor ld  t ime  
system t h a t  d i f f e r s  f rom coun t ry  t o  count ry  by 
o n l y  a few m i l l i o n t h s  o f  a second. So, 
whether you g e t  you r  t ime  from CHU i n  Canada 
o r  t h e  PTB i n  Germany, i t  w i l l  d i f f e r  from 
U. S. t ime  by no more than a few microseconds. 

2.3.2 THE ROLE OF THE NATIONAL 

BUREAU OF STANDARDS (NBS) 

The Nat iona l  Bureau o f  Standards i s  i n  
t h e  Department o f  Commerce o f  t h e  Un i ted  
Sta tes  and has been au tho r i zed  by Congress t o  
undertake t h e  f o l l o w i n g  func t i ons :  "The 
custody, maintenance, and development of t he  
n a t i o n a l  standards o f  measurements and t h e  
p r o v i s i o n s  o f  means and methods f o r  making 
measurements c o n s i s t e n t  w i t h  those standards,  
i n c l u d i n g  t h e  comparison o f  standards used i n  
s c i e n t i f i c  i n v e s t i g a t i o n s ,  eng ineer ing ,  manu- 
f a c t u r i  ng, commerce, and educat iona l  i n s  t i - 
t u t i o n s ,  w i t h  t h e  standards adopted o r  recog- 
n i zed  by t h e  Government." 

The Time and Frequency D i v i s i o n ,  l o c a t e d  
i n  Boulder,  Colorado, i s  t h a t  p a r t  o f  t h e  
Na t iona l  Bureau of Standards t h a t  c a r r i e s  o u t  
t h e  above func t i ons  r e l a t e d  t o  t ime  and f r e -  
quency. There a re  severa l  groups w i t h i n  t h e  
D i v i s i o n ,  each hav ing  d i f f e r e n t  r e s p o n s i b i l i -  
t i e s .  The Frequency and Time Standards Group 
operates t h e  NBS standard o f  f requency and 
t ime  i n t e r v a l ,  as w e l l  as severa l  t ime  sca les  
based upon t h i s  standard. I n  a d d i t i o n  t o  
ma in ta in ing  t h e  standard, research e f f o r t s  a re  
c a r r i e d  o u t  t o  improve it. Th is  group a l s o  
o f fe rs  a d i r e c t  se rv i ce  f o r  c a l i b r a t i o n  o f  
o s c i l l a t o r s  and c locks .  

The Time and Frequency Services Group i s  
respons ib le  f o r  d i s t r i b u t i n g  t h e  standards and 
f o r  f i n d i n g  new and improved methods of d i s -  
seminat ion.  A t  t h i s  w r i t i n g ,  t h e  dissemina- 
t i o n  se rv i ces  c o n s i s t  o f  h i g h  f requency r a d i o  
s t a t i o n s  WV and WVH, low frequency r a d i o  
s t a t i o n  WVB, a telephone t ime-of-day se rv i ce ,  
t ime  and frequency c a l i b r a t i o n  serv ices  us ing  
network t e l e v i s i o n ,  and a s a t e l l i t e  t ime  code. 
Th is  Group a l s o  prov ides  se rv i ces  i n  t h e  form 
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o f  l i t e r a t u r e  and courses on how t o  use these 
se rv i ces  and prov ides  c a l i b r a t i o n  and moni- 
t o r i n g  da ta  on a r e g u l a r  bas i s  t o  users o f  NBS 
and o t h e r  t ime  and frequency serv ices .  

Research and development i n t o  new methods 
o f  d isseminat ion  a re  be ing  done i n  the  Time 
and Frequency Coord ina t ion  Group. Th is  Group 
i s  a l s o  i n v o l v e d  i n  n a t i o n a l  and i n t e r n a t i o n a l  
t ime and frequency c o o r d i n a t i o n  a c t i v i t i e s .  

A f o u r t h  group concerns i t s e l f  w i t h  
frequency syn thes is  techniques and l a s e r  
s t a b i l i z a t i o n  methods. 

I n  a d d i t i o n ,  serv ices  a re  a v a i l a b l e  i n  
the form o f  consu l ta t i ons ,  e i t h e r  by l e t t e r ,  
telephone, o r  v i s i t s  t o  t h e  Boulder Labora- 
t o r i e s .  Users o f  t h e  t ime  and frequency 
se rv i ces  a re  encouraged t o  c a l l  upon us f o r  
adv ice  o r  ass is tance.  

To summarize, t h e  Bureau o f  Standards 
main ta ins  se rv i ces  based upon the  p r imary  
frequency standards. These se rv i ces  a r e  
c o n s t a n t l y  be ing  improved and a re  designed t o  
meet t h e  needs o f  users a t  a l l  l e v e l s  o f  
accuracy f o r  frequency and t ime c a l i b r a t i o n .  
They range from t h e  telephone t ime-of-day 
se rv i ce  t o  t h e  u l t r a - s t a b l e  low frequency 
r a d i o  se rv i ce  o f  WVB which i s  used f o r  p re-  
c i s e  frequency c a l i b r a t i o n .  

2.3.3 THE ROLE OF THE U. S. NAVAL OBSERVATORY 

(USNO) AND THE DOD PTTI PROGRAM 

The U. S. Naval Observatory (USNO) i s  i n  
t h e  Department o f  Defense (DOD). I t ' s  m iss ion  
w i t h  re fe rence t o  t ime i s :  

"Make such observa t ions  o f  c e l e s t i a l  
bodies,  n a t u r a l  and a r t i f i c i a l ,  d e r i v e  and 
p u b l i s h  such da ta  as w i l l  a f f o r d  t o  Un i ted  
Sta tes  Naval vesse ls  and a i r c r a f t  as w e l l  as 
t o  a l l  a v a i l i n g  themselves the reo f ,  means f o r  
sa fe  nav iga t i on ,  i n c l u d i n g  the  p r o v i s i o n  o f  
accura te  t ime."  The p r a c t i c a l  a p p l i c a t i o n  o f  
t h i s  m iss ion  i s  f o r  t h e  USNO t o  serve as t h e  
opera t i ona l  re fe rence f o r  t h e  o f f i c i a l  Un i ted  
Sta tes  t ime o f  day (as opposed t o  respons i -  
b i l i t i e s  f o r  t h e  u n i t  o f  t ime and frequency i n  
NBS). 

The Time Serv ice  D i v i s i o n  o f  t h e  USNO 
pursues several  a c t i v i t i e s :  It operates 
Photographic Z e n i t h  Tubes ( te lescopes)  t o  
determine Un iversa l  Time. It operates a l a r g e  
bank o f  atomic c locks  (more than 20) as t h e  
b a s i s  o f  an ex t remely  r e l i a b l e  and un i fo rm 
atomic t ime  scale.  I t  t r a n s p o r t s  p o r t a b l e  
atomic c locks  wor ldwide f o r  t ime  synchroni-  
z a t i o n  t o  "assure wor ldwide c o n t i n u i t y  o f  
p r e c i s i o n " .  It prompt ly  pub l i shes  and d i s -  
t r i b u t e s  Time Serv ice  Announcements rega rd ing  
measurements o f ,  and i n f o r m a t i o n  on, many 
e l e c t r o n i c  systems use fu l  f o r  t ime  dissemi- 
na t i on .  I t  operates under c o n t r a c t  w i t h  
Na t iona l  Science Foundat ion (NSF), a connected 
r a d i o  i n t e r f e r o m e t e r  a t  t h e  Green Bank 
Na t iona l  Radio Astronomical  Observatory f o r  
t h e  de te rm ina t ion  o f  UT w i t h  r a d i o  techniques. 

The USNO c o n t r i b u t e s  measurements, a long 
w i th  about 60 o t h e r  obse rva to r ies  and stan- 
dards l a b o r a t o r i e s  th roughout  t h e  wor ld ,  t o  
t h e  Bureau I n t e r n a t i o n a l  de 1'Heure (BIH) i n  
P a r i s ,  France, which combines t h e  r e s u l t s  i n t o  
f i n a l  BIH values o f  UT1. The USNO i s  t h e  o n l y  
o r g a n i z a t i o n  i n  t h e  Un i ted  Sta tes  t h a t  de te r -  
mines UT1 o p e r a t i o n a l l y .  It d i s t r i b u t e s  BIH 
C i r c u l a r  D f o r  t h e  B I H  i n  t h e  Un i ted  Sta tes .  
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W i t h i n  t h e  DOD, t h e  USNO has been g iven 
management r e s p o n s i b i l i t i e s  t o  "accompl ish 
o v e r a l l  PTTI o b j e c t i v e s  a t  minimum cos t ,  DOD 
D i r e c t i v e  5160.51 o f  3 1  August 1971. 

The DOD p rov ides  frequency and t ime 
s i g n a l s  throughout the  wor ld.  These i n c l u d e  
many d i f f e r e n t  r a d i o  f requenc ies ,  s a t e l l i t e  
s igna ls ,  and p o r t a b l e  c locks .  These can pro-  
v i d e  ve ry  h i g h  r e s o l u t i o n  t ime  synchroniza- 
t i o n ,  one-tenth microsecond o r  b e t t e r  a t  t h e  
p resen t  t ime (1979) w i t h  10 nanoseconds pos- 
s i b l e  i n  t h e  near f u t u r e .  S p e c i f i c  examples 
i n c l u d e  t h e  T r a n s i t  system w i t h  wor ldwide 
automat ic t i m i n g  c a p a b i l i t y  t o  50 ps ( s i n g l e  
pass, 1 sigma; averag ing  over a number o f  
passes can g i v e  about 5 p s ,  1 sigma). 

The Global  P o s i t i o n i n g  System i s  cur -  
r e n t l y  under development and w i l l  p rov ide  a 
wor ldwide t i m i n g  c a p a b i l i t y  o f  about 10 ns. 
Loran-C i s  operated by  the  U. S. Coast Guard. 
It a c t s  i n  a secondary miss ion  f o r  t h e  d i s -  
seminat ion  of t ime  f o r  t h e  USNO. It prov ides  
t ime  w i t h i n  ground wave coverage t o  about 1 ps 
w i t h  a p r e c i s i o n  o f  about 0 . 1  ps. Loran-C i s  
t h e  p resen t  ope ra t i ona l  system f o r  t h e  compu- 
t a t i o n  and d isseminat ion  o f  t h e  i n t e r n a t i o n -  
a l l y  coord ina ted  c l o c k  t ime re fe rences  TAI and 
UTC. 

The USNO accomplishes i t s  g loba l  respon- 
s i b i l i t i e s  w i t h  a system o f  coopera t ing  
"Prec ise  Time Reference S t a t i o n s  (PTRS)". Any 
o f  these PTRS c locks  can be used t o  g a i n  
access t o  t h e  USNO Master c l o c k  by c o r r e c t i n g  
a read ing  aga ins t  t h e  PTRS c l o c k  w i t h  t h e  pub- 
l i s h e d  d i f f e r e n c e  USNOMC-PTRS. The c u r r e n t l y  

designated PTRS's and t h e  respec t i ve  values 
a r e  g i ven  i n  Time Serv ice  Announcement Ser ies  
16. Time Serv ice  Announcement Ser ies  4 pub- 
l i s h e s  Loran-C, Omega, VLF TV phase ( t ime)  
values and Time Serv ice  Announcement Ser ies  7 
has t ime  sca le  i n f o r m a t i o n  (atomic and as t ro -  
nomical ,  i n c l u d i n g  p o l a r  coord ina tes) .  These 
b u l l e t i n s  a re  a v a i l a b l e  on reques t  from: 

Super intendent 
U. S. Naval Observatory 
A t ten t i on :  Time Serv ice  D i v i s i o n  
34 th  & Massachusetts Avenue, NW 
Washington, D. C.  20390 
(Telephone: 202 254-4546, AV 294-4546) 
(TWX 710-822-1970) 

The th ree  m i l i t a r y  se rv i ces  o f  t h e  DOD 
have es tab l i shed  f o c a l  p o i n t s  f o r  mat te rs  o f  
Prec ise  Time and Time I n t e r v a l  ( f requency).  
These f o c a l  p o i n t s  coo rd ina te  PTTI e f f o r t s  and 
p rov ide  p e r t i n e n t  i n f o r m a t i o n  t o  t h e i r  o rgan i -  
z a t i o n s  and con t rac to rs .  They a l s o  arrange 
p o r t a b l e  c l o c k  synchron iza t ions  f o r  t h e i r  
o rgan iza t ions .  The f o c a l  p o i n t s  are:  

1. Aerospace Guidance and Met ro logy  
Center, Newark A i r  Force S t a t i o n ,  Ohio ( f o r  
t h e  U. S. A i r  Force). 

2. Navy E l e c t r o n i c  Systems Command, 
Code 510, Washington, DC 20360 ( f o r  t h e  
Navy). 

3. U. S. Army M a t e r i a l  Development & 
Readiness Command, DRCQA-PC, A1 exandr ia,  VA 
20315 ( f o r  t h e  Army). 
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CHAPTER 3. THE ALGEBRA AND CONVENTIONS FOR TIME AND FREQUENCY MEASUREMENTS 

Users o f  t ime and frequency s i g n a l s ,  
equipment, and p u b l i c a t i o n s  need t o  have a 
language f o r  keeping records,  r e p o r t i n g  per-  
formance, and reading the  pub l i shed  l i t e r a -  
t u r e .  It should be e a s i l y  and c o r r e c t l y  
understood. Thus, a convent ion i s  needed f o r  
t h e  a1 gebra deal i ng w i t h  frequency sources 
and c locks  so t h a t  t he  meaning o f  data are 
understandable and n o t  confusing. 

You might  ask, "Hasn ' t  t h i s  problem come 
up before?"  o r  "How has i t  been resolved?"  
Yes, i t  has come up be fo re  and i t  has been 
resolved.  The C C I R  ( I n t e r n a t i o n a l  Radio 
Consu l ta t i ve  Committee) has de f i ned  the  prob- 
lem and pub l i shed  a recommended, standard 
n o t a t i o n .  I n  t h i s  sec t i on ,  we w i l l  e x p l a i n  
t h e  n o t a t i o n  w i t h  examples. No t i ce  t h a t  t h i s  
convent ion rega rd ing  the  a lgebra and espec ia l -  
l y  t h e  a lgeb ra i c  s igns has been fo l l owed  
throughout  t h i s  book. 

I n  many cases o f  t ime and frequency 
measurement, t he  user knows t h a t  h i s  c l o c k  i s  
f a s t  o r  t h a t  h i s  f requency source i s  low w i t h  
respec t  t o  NBS, t h e  USNO, o r  another o s c i l l a -  
t o r .  I n t u i t i o n  i s  a good guide and t h e  care- 
f u l  worker w i l l  be ab le  t o  con f i rm  h i s  sus- 
p i c i o n s  by reference t o  h i s  data and t h e  
pub l i shed  i n f o r m a t i o n  he needs. But  i n  some 
cases, i n t u i t i o n  i s  n o t  enough and the  adop- 
t i o n  o f  a standard n o t a t i o n  w i l l  e l i m i n a t e  
d i f f i c u l t i e s .  Annotat ion o f  data sheets o r  
c h a r t s  should f o l l o w  the  C C I R  recommendations 
so t h a t  a person l o o k i n g  up something t h a t  
happened severa l  months o r  years ago w i l l  n o t  
be confused. 

The C C I R  convent ion and n o t a t i o n  i s  
l i s t e d  here and can a l s o  be found i n  t h e  pub- 
l i c a t i o n s  o f  t h a t  group. The f o l l o w i n g  mater- 
i a l  was excerpted from Recommendation No. 459, 
1970. The m a t e r i a l  has been rearranged f o r  
c l a r i t y .  

1. A lgebra ic  q u a n t i t i e s  should be g i ven  
t o  avo id  confus ion i n  t h e  s i g n  o f  a 
d i f f e r e n c e  i n  the  time between 
c locks  o r  t h e  f requency of sources. 

2. I t  i s  a good idea t o  g i v e  the  date 
and p lace  o f  a c l o c k  reading o r  
f requency measurement. 

3. The d i f f e r e n c e  o f  t h e  readings (a 
and b) o f  c locks  A and B i s ,  by 
convent ion:  

A - B =  a - b. 

An example us ing  the  above equat ion would be: 

= 5h 6m 2s - 5h 6m 1s = + I s .  - B  
1PPS 1PPS 

A 

This  t i m e  d i f f e r e n c e  expression i s  i d e a l l y  
s u i t e d  t o  t he  k i n d  o f  readings obta ined w i t h  
t i m e  i n t e r v a l  counters.  Th is  counter  i s  
exp la ined  i n  Chapter 4 and produces a readout 
by hav ing one pu lse  open t h e  counter  gate o r  
START the  count and another c lose  t h e  gate,  
STOPPING t h e  count. I n  the  above equat ion,  
c l o c k  A i s  t h e  s t a r t  pu l se  and c l o c k  B i s  t he  
s top pulse.  

Can we ever g e t  a negat ive a l g e b r a i c  s i g n  
on t h e  r i gh t -hand  s ide  o f  t h e  C C I R  equat ion? 
Based d i r e c t l y  on the  counter  measurements, we 
cannot because, i f  the  pu lse  from c l o c k  B 
occurs 50 microseconds be fo re  t h e  pu lse  from 
c l o c k  A, t he  counter  w i l l  s imply  w a i t  f o r  t he  
nex t  pu l se  and read 999,950 microseconds. It 
does n o t  d i s p l a y  negat ive numbers a t  a l l !  

Remember, these c locks  a re  t i c k i n g  once 
pe r  second and our counter looks o n l y  a t  t h i s  
seconds t i c k - - i t  cannot see the  minutes o r  
hours. We say then t h a t  our c locks  have ou t -  
p u t s  t h a t  are ambiguous t o  one second. Th is  
means t h a t  t he  counter  reading o f  999,950 
microseconds i s  equ iva len t  t o  -50. It means 
t h e  same t h i n g .  The problem o f  ambigui ty  i s  
i 11 u s t r a t e d  below. 

CLOCK A I I I 
T I C K  I 

I .  

I 
I I 

I -  50 = +999,950 
CLOCK B I 

T I C K  

Another example, showing the  c o r r e c t  
n o t a t i o n  t h a t  should be used, f o l l o w s .  Th is  
c o u l d  be the  r e s u l t  obta ined by c a r r y i n g  an 
NBS p o r t a b l e  c l o c k  t o  the  U. S. Naval Obser- 
v a t o r y  and measuring i t  aga ins t  t he  USNO 
c lock .  The r e s u l t s  o f  t h i s  comparison are 
p r o p e r l y  w r i t t e n :  

NBS PORTABLE CLOCK - UTC(USN0) = 
+12.3 MICROSECONDS 

(7 JULY 68, 14h 35m UTC). 
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There can be no confus ion  about t h e  meaning o f  
t h i s  measurement p r o v i d i n g  the  whole expres- 
s i o n  i s  recorded. Do n o t  s imp ly  make a c l a i m  
t h a t  t he  NBS p o r t a b l e  c l o c k  leads, lags ,  i s  
f a s t  o r  slow, o r  ahead o r  beh ind  o f  t h e  USNO 
c lock .  The a lgeb ra i c  express ion  shou ld  be 
used! 

It i s  a l s o  impor tan t  t o  f o l l o w  t h e  
n o t a t i o n  f o r  f requency d i f f e rences .  Terms 
l i k e  h igh ,  low, and o f f s e t  shou ld  be avoided. 
Since the  a lgebra  speaks f o r  i t s e l f ,  i t  shou ld  
be used w i t h  a minimum o f  a d d i t i o n a l  terms. 

3.1 EXPRESSING FREQUENCY DIFFERENCE 

( I N  HERTZ, kHz, MHz, ETC.) 

The ac tua l  f requency o f  a source i s  i n d i -  
ca ted  by  t h e  lowercase l e t t e r ,  f . (Refer t o  
t h e  g lossa ry  a t  t h e  end o f  t h i s  book f o r  a 
f u r t h e r  exp lana t ion  and d e f i n i t i o n . )  A sub- 
s c r i p t  can be used t o  i d e n t i f y  t h e  p a r t i c u l a r  
f requency source; e.g., fc f o r  an o s c i l l a t o r  

de s i gnat ed 'I c . 'I M u l t i p l e  l e t t e r  subsc r ip t s  
a r e  sometimes used as i n  t h e  case o f  NBS, 
USNO, ABC, NBC, and CBS. Wi th  t h i s  no ta t i on ,  
we can w r i t e :  

fa  - fb = A f ,  

where A f  i s  t h e  f requency d i f f e r e n c e  i n  he r t z ,  
kHz, Mhz, e t c .  

The s i g n i f i c a n c e  o f  t h i s  seemingly s imp le  
express ion  must be stressed. Th is  i s  t h e  
a c t u a l  frequency coming ou t  o f  t h e  source 
(e.g. ,  o s c i l l a t o r )  and n o t  t h e  nominal f r e -  
quency, fn, t h a t  i s  w r i t t e n  on t h e  manufac- 
t u r e r ' s  nameplate o r  i n  t h e  s p e c i f i c a t i o n s .  
However, i t  i s  use fu l  t o  no te  t h e  nominal 
f requency, fn, o f  t h e  source when w r i t i n g  down 

t h i s  measurement r e s u l t .  

3 .2  RELATIVE (FRACTIONAL) FREQUENCY, F 
(DIMENSIONLESS) 

The te rm " f r a c t i o n a l  ,I' though i n  common 
use th roughout  t h e  Engl ish-speaking wor ld ,  i s  
be ing  discouraged by t h e  C C I R  because o f  
d i f f i c u l t i e s  i n  t r a n s l a t i n g  t h a t  te rm i n t o  
c e r t a i n  o t h e r  languages. The C C I R  p r e f e r s  t h e  
use o f  " r e l a t i v e "  o r  "normal ized" r a t h e r  than  

" f r a c t i o n a l  .I' 
o u t  t h e  t e x t .  

We have r e f l e c t e d  t h i s  through- 

The r e l a t i v e  f requency depar tu re  o f  
f requency source l'c,' ' f o r  ins tance,  f rom i t s  
nominal va lue  fnc i s  de f i ned  as: 

FC 

fnc 

Fc  = - - 1 (which i s  dimensionless),  

where F i s  t h e  des igna t ion  f o r  r e l a t i v e  f r e -  
quency. Th is  express ion  can be rearranged: 

( f c  - fnc) 
F _  = (dimensionless) 

L. 

fnc 

It now has t h e  form A f / f  which i s  o f t e n  used 
i n  f requency measurements and computations. 
Be ve ry  c a r e f u l  t o  no te  t h e  exac t  o rde r  o f  t h e  
terms i n  t h e  numerator! 

3.3 RELATIVE (FRACTIONAL) FREQUENCY 
DIFFERENCE,  S (DIMENSIONLESS)  

We can app ly  t h e  fo rmula  i n  t h e  above 
equat ion  t o  two separate f requency sources and 
then  take  a d i f f e r e n c e  i n  t h a t  q u a n t i t y .  It 
w i l l  be t h e  r e l a t i v e  f requency d i f f e r e n c e  
between two sources. For  example, cons ider  
sources NBS and USNO. 

where S i s  t h e  r e l a t i v e  frequency d i f f e r e n c e .  

L e t ' s  assume t h a t  an NBS o s c i l l a t o r  was 
measured aga ins t  a USNO o s c i l l a t o r .  The 
r e s u l t s  cou ld  be w r i t t e n  as: 

= +5 x (7  J u l y  1968, F~~~ - F~~~~ 

14 h 35 m t o  20 h 30 m UTC; USNO). 

Th is ,  then, i s  a complete, unambiguous 
statement about t h e  f requenc ies  of two 



sources. There i s  a general  t empta t i on  t o  use 

b r a t i o n s  and make statements about such and 
such a frequency source be ing  low o r  h i g h  

= (5 x l o 6  - 0.15097) Hz the resulting algebraic signs from such Cal i -  f~~~ 

i n  making such statements. 

4,999,999.84903 Hz 

3.4 EXAMPLE OF ALGEBRA AND S I G N  CONVENTIONS 
I N  TIME AND FREQUENCY MEASUREMENTS as t h e  frequency o f  t h e  NBC o s c i l l a t o r .  

3.4.1 TELEVISION FREQUENCY TRANSFER 
Th is  computat ion revea ls  t h a t  t h e  NBC 

frequency source i s  lower  i n  f requency than 
i t s  nominal va lue  o f  5 MHz. 

MEASUREMENTS ('Overed in Chapter 7, 

The NBS TIME AND FREQUENCY BULLETIN 
r e p o r t s  t h e  measured values of. t he  t h r e e  major 
U. S. networks. On page 149 o f  t h i s  book, a L e t ' s  app ly  the  above equat ion  t o  t h e  NBS 
p o r t i o n  o f  t h a t  b u l l e t i n  shows t y p i c a l  da ta  frequency standard i t s e l f .  By d e f i n i t i o n ,  
ob ta ined from t h e  TV measurements. L e t t s  l o o k  s ince  NBS has the s l ~ ~ n d a r d  of frequency, t h e r e  

can be no average d i f f e r e n c e  between i t s  more c l o s e l y  a t  t h i s  data. nominal va lue  and i t s  ac tua l  value. So: 

The heading f o r  t h e  da ta  i s  l abe led  
"RELATIVE FREQUENCY ( i n  p a r t s  i n  l o l l ) .  'I 
Fo l l ow ing  t h e  C C I R  convent ion,  then, these 
da ta  represent  FABC, FNBC, and FcBs. 

FNBS = 0. 

I f  we were t o  compute t h e  r e l a t i v e  d i f f e r e n c e  
Expressing the first NBC reading in i n  frequency between NBS and NBC, t h e  s o l u t i o n  

would i ndi  cate: equat ion  form, us ing  t h e  A f / f  arrangement: 

- = 0 -(-3019.4 x lo-''), S ~ ~ ~ - ~ ~ ~  - F~~~ - F~~~ 

-11 S = + 3019.4 x 10 . 
- fNBC - fNBC(nominal) = -3019.4 lo-ll F~~~ - 

fNBC(nominal) 

What does t h i s  t e l l  us? I f  we assume we a re  3 .4 .2  TELEVISION LINE-10 TIME TRANSFER 
d e a l i n g  w i t h  a f requency source a t  5 MHz, we 
can s u b s t i t u t e  t h a t  number f o r  t h e  nominal MEASUREMENTS (covered i n  Chapter 8) 

frequency and so lve  f o r  t h e  ac tua l  f requency 
of t h e  s i g n a l  be ing  rece ived  from NBC v i a  t h e  
TV c o l o r  subca r r i e r :  L e t ' s  t ake  an example us ing  da ta  ob ta ined 

from t ime  measurements. Here, t h e  C C I R  con- 
vent ion ,  w h i l e  c l e a r  enough, needs t o  be 
a p p l i e d  w i t h  more care  than usual .  Th is  i s  
because people use i n t u i t i o n  more r e a d i l y  when 
d e a l i n g  w i t h  t ime  measurements. They f e e l  a t  
home w i t h  f a s t ,  slow, e a r l y ,  and l a t e ,  and a re  
prone t o  make mistakes. 

- fNBC - fNBC(nominal) = -3019.4 lo-ll. 
F~~~ - 5 x lo6 

Using t h e  example on page 150 o f  t h i s  
book f o r  t h e  TV Line-10 measurements, t h e  user  
i s  expected t o  f i n d  t h e  r e l a t i v e  f requency f o r  
h i s  own o s c i l l a t o r .  No t i ce  t h a t  t h i s  problem 
invo lves  t h e  use o f  t ime  measurements t o  
compute frequency! F igu re  8.7, column one, 
g i ves  t ime  d i f f e r e n c e  da ta  o f :  

Using t h e  e q u a l i t y  on t h e  r i g h t :  

- (5  x lo6) = -3019.4 x lo-'' X 5 X lo6,  

- ( 5  x l o 6 )  = -15097 x 

f~~~ 

NBC 
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UTC(NBS) - LINE-lO(NBC) 

= 02216.54 microseconds, 

which f o l l o w s  t h e  C C I R  convent ion and i n d i -  
cates t h a t  a counter  was s t a r t e d  w i t h  the  
p u l s e  f r o m  t h e  NBS c l o c k  and stopped w i t h  the  
nex t  Line-10 pulse.  The data i n  column t w o  
represent  t h e  same measurement made a t  a 
u s e r ' s  l o c a t i o n ,  g i v i n g :  

User Clock - Line-lO(NBC) 

= 05339.9 microseconds. 

From the above, column t h r e e  i s  obta ined,  by 
s u b t r a c t i o n ,  g i v i n g :  

UTC(NBS) - User Clock 

= -3123.4 microseconds. 

Since t h e  user wants t o  know where h i s  c l o c k  
i s  w i t h  respect  t o  NBS, by convent ion t h e  NBS 
c l o c k  i s  l i s t e d  f i r s t  i n  t he  equat ion.  The 
minus s i g n  (-) i n d i c a t e s  t h a t  t he  u s e r ' s  c l o c k  
pu lse  occurred be fo re  the  NBS c l o c k  pulse.  
Th is  can be i l l u s t r a t e d  g r a p h i c a l l y  (as i t  
would appear on an osc i l l oscope ,  f o r  example): 

NBS CLOCK LINE-10 
PULSE PULSE 

I I 

I 3123.4 us _ I  2216.54 US 1 
I I 

t 4  - 1  *I 
I 5339.9 us I 
I 

USER'S 
CLOCK PULSE 

I 

LINE-10 
PULSE 

It a l s o  i l l u s t r a t e s  how Line-10 ( o r  any common 
t i m e  pu lse)  t r a n s f e r s  i n f o r m a t i o n  from NBS t o  
the  user.  To g e t  t he  exact  t i m e  e r r o r  between 
t h e  two c locks,  pa th  and equipment delays must 
be taken i n t o  account. The f i n a l  r e s u l t  cou ld  
e a s i l y  change the  s i g n  from (-1 t o  (+) s ince  
pa th  delays cou ld  c o n t r i b u t e  many thousands o f  
microseconds. 

But what about the  f requency o f  t he  
o s c i l l a t o r  used t o  d r i v e  t h e  u s e r ' s  c lock?  Is 
i t  h igh  o r  low i n  frequency w i t h  respect  t o  
NBS? 

. - -  

To use our de r i ved  r e l a t i o n s h i p  between 
frequency and t ime  measurements, we need t h e  
change i n  t ime over t h e  i n t e r v a l  be ing  con- 
s idered.  As shown i n  f i g u r e  8.7, t he  c l o c k  
be ing  measured moved -42.5 microseconds i n  f o u r  
days, o r  an average o f  -10.6 microseconds pe r  
day. (Th is  i n f o r m a t i o n  w i l l  g i v e  us t h e  
needed At /T .  ) Now, 

af = - A ! ,  
f T 

-10 af= -(- 'O" 6) = 1.23 x 10 . 
f 86,400 x 10 

What does t h i s  mean? According t o  t h e  
C C I R  convent ion t h i s  i s  

Fuser '  s osc i  1 l a t o r  

o r ,  s t a t e d  c o r r e c t l y ,  t he  o s c i l l a t o r  be ing  mea- 
sured us ing  Line-10 TV measurements has a 
f r a c t i o n a l  o r  r e l a t i v e  f requency o f  +1.23 x 
10 - lo .  The p l u s  s i g n  (+) on F i n d i c a t e s  t h a t  
t h e  o s c i l l a t o r  ou tpu t  f requency i s  h ighe r  than 
i t s  nominal value. 

The a c t u a l  frequency o f  t he  o s c i l l a t o r  
can be c a l c u l a t e d  from the  C C I R  d e f i n i t i o n  
using: 

f - fn 

fn 

F = -  

and i f  we assume t h a t  t h e  o s c i l l a t o r  has a 
nominal frequency o f  1 MHz, i t s  a c t u a l  f r e -  
quency can be computed. I n  t h i s  case, i t  i s  
1,000,000.000123 Hz. I f  the  nominal frequency 
o f  t h e  o s c i l l a t o r  be ing  t e s t e d  were 2.5 MHz, 
i t s  a c t u a l  frequency would be 

2,500,000.0003075 Hz 

The nex t  page g ives the  d e r i v a t i o n  o f  our  
equat ions and an example. 

3.5 USING TIME TO GET FREQUENCY 

I n  our  search f o r  a method o f  r e l a t i n g  
t ime measurements t o  f requency measurements, 
we would want t o  know how f a r  a p a r t i c u l a r  
c l o c k  has d r i f t e d  i n  a day. No t i ce  t h a t  t h i s  
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i s  a r e s u l t  t h a t  can be w r i t t e n ,  as micro- 
seconds pe r  day. It t e l l s  us the  form o f  t h e  
answer we are  seeking. We want t o  know the  
change i n  t ime (microseconds) d u r i n g  a spec- 
i f i e d  p e r i o d  (day). I f  the  above were ex- 
pressed mathemat ica l l y ,  i t  would be i n  t h e  
f o r m ,  

I f  we l o o k  a t  t h i s  1 MHz o s c i l l a t o r  i n -  
s t a l l e d  i n  a c lock ,  we no te  t h a t  i t  w i l l  n o t  
" t i c k "  once pe r  second, b u t  a t  a s l i g h t l y  d i f -  
f e r e n t  r a t e .  L e t ' s  app ly  the  C C I R  formula f o r  
c locks  t o  t h i s  one and l e t ' s  f u r t h e r  assume i t  
i s  be ing  compared t o  t h e  NBS c lock .  I f  we 
s t a r t  t he  c locks  together ,  t h e i r  d i f f e r e n c e  
w i l l  be zero,  b u t  a second l a t e r :  

nt 
T' 

NES CLOCK - 1 MHz CLOCK = 1 MICROSECOND. 

To t h i s  we want t o  r e l a t e  our frequency mea- 
surements. Al though we cou ld ,  we t y p i c a l l y  do 
n o t  measure t h e  frequency e r r o r  o f  ou r  o s c i l -  
l a t o r  i n  he r t z .  It i s  u s u a l l y  a percentage o r  
a r a t i o .  Th is  method o f  r a t i n g  o s c i l l a t o r s  i s  
ve ry  common and r e s u l t s  i n  hav ing  t h e  numbers 
come o u t  as numerics, t h a t  i s ,  w i t h o u t  t h e  
dimension o f  he r t z .  A l g e b r a i c a l l y ,  t he  f r e -  
quency measurements have the  form: 

nf 
f '  

Our t a s k  i s  t o  r e l a t e  our  A f / f  frequency mea- 
surements t o  our  At/T t ime measurements. 

Th is  can be done w i t h  ca l cu lus  and i s  
shown below. I f  the  reader i s  n o t  f a m i l i a r  
w i t h  ca l cu lus ,  he may want t o  s k i p  t o  the  
r e s u l t ,  t h a t  s ta tes :  

A t  

f T 
nf = - _  

Before we g e t  t o  the  d e r i v a t i o n  o f  t h i s  
equat ion  by us ing  ca l cu lus ,  l e t ' s  l ook  a t  a 
s imple example t h a t  i s  n o t  t oo  r i go rous ,  b u t  
migh t  o f f e r  encouragement t h a t  t h e  math works. 
We have an o s c i l l a t o r  w i t h  a nominal frequency 
o f  1 MHz, b u t  i t  i s  a c t u a l l y  runn ing  a t  
999,999 he r t z .  L e t ' s  f i n d  

A t  nf and - 
f T 

and see i f  they  agree w i t h  t h e  above equat ion.  
C l e a r l y ,  A f  i s  -1 Hz, bo th  by i n s p e c t i o n  and 
by t h e  C C I R  d e f i n i t i o n  o f  A f  = f - fn. Since 
f = 1 MHz, then 

Ten seconds l a t e r ,  we w i l l  have a r e s u l t  t h a t  
i s  10 microseconds and so on. We now compute 
At/T. It i s  one microsecond pe r  second o r  
10-6/1. Th is  agrees w i t h  t h e  C C I R  n o t a t i o n ,  
and the  fo rmula  f o r  r e l a t i n g  A f / f  t o  At/T 
works. Th is  i s  h a r d l y  an exac t  p r o o f  nor  i s  
t h e  c a l c u l u s  t h a t  f o l l o w s  s t r i c t l y  r i go rous ,  
b u t  i t  w i l l  serve f o r  our purposes. 

3.6 A MATHEMATICAL DERIVATION 

I n  o rde r  t o  use t ime  measurements t o  g e t  
f requency i n fo rma t ion ,  we need t o  know t h e  
r e l a t i o n s h i p s  between t ime  and frequency. A 
mathematical d e f i n i t i o n  o f  frequency i s :  

f = x ,  1 

where t i s  t h e  p e r i o d  o f  t h e  s igna l  i n  seconds 
and f i s  t h e  frequency i n  he r t z .  Th i s  can 
a l s o  be w r i t t e n  as: 

-1 f = t  . 

I f  we d i f f e r e n t i a t e  t h e  frequency expression 
w i t h  respec t  t o  t ime  and s u b s t i t u t e  we get:  

and 

which can be w r i t t e n ,  f o r  smal l  changes, as: 
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Both  s ides  o f  t h i s  equat ion  a r e  dimensionless.  
A f / f  i s ,  i n  t h e  CCIR n o t a t i o n ,  F. A t  i s  t h e  
change i n  t ime  read over a measurement t ime, 
T. 

3.7 DEFINITIONS 

f = ac tua l  f requency o f  source i n  he r t z .  

A f  = frequency d i f f e r e n c e  i n  h e r t z .  

fn = nominal f requency i n  h e r t z .  

F = r e l a t i v e  f requency (dimensionless).  

S = r e l a t i v e  f requency d i f f e r e n c e  
(dimensionless) 
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CHAPTER 4. USING TIME AND FREQUENCY I N  THE LABORATORY 

Although simple devices f o r  t h e  measure- 
ment o f  e l e c t r i c a l  frequency were invented  
d u r i n g  t h e  1800's,  modern ins t ruments  have 
o n l y  been around s ince  t h e  midd le  o f  t h e  
t w e n t i e t h  century .  Since World War 11, how- 
ever ,  t ime  and frequency measurement has ad- 
vanced a t  a r a p i d  r a t e .  Measurement o f  t ime 
i n t e r v a l s  as smal l  as one t e n - b i l l i o n t h  
( l 0 - l o )  o f  a second and f requenc ies  as h i g h  as 
one-hundred t r i l l i o n  ( l o1* )  h e r t z  ( cyc les  p e r  
second) a re  now poss ib le .  

Such improvements, o f  course, a re  i n  
keeping w i t h  the  need f o r  h ighe r  p r e c i s i o n  and 
accuracy i n  today ' s  technology. Not l o n g  ago, 
t h e  h ighes t  p r e c i s i o n  r e q u i r e d  f o r  t i m i n g  
measurements was on t h e  order  o f  a m i l l i s e c -  
ond. Today, however, t h e  need f o r  p r e c i s i o n s  
o f  a microsecond i s  commonplace. For a v a r i -  
e t y  o f  1 abora tory  measurements, t i m i n g  accu- 
r a c i e s  t o  t h e  neares t  nanosecond are  requ i red .  

Time i n t e r v a l  and i t s  r e c i p r o c a l ,  frequen- 
cy, can be measured w i th  g r e a t e r  p r e c i s i o n  
than any o t h e r  known phys i ca l  q u a n t i t y .  By 
a l l o w i n g  two o s c i l l a t o r s  t o  r u n  f o r  a su f -  
f i c i e n t l y  l ong  t ime,  we can compare t h e i r  
average f requenc ies  t o  a h i g h  degree o f  p re-  
c i s i o n .  Conversely, we can measure t ime i n -  
t e r v a l s  w i t h  the  same p r e c i s i o n  by count ing  
i n d i v i d u a l  cyc les  i n  the  ou tpu t  waveform o f  an 
o s c i l l a t o r ,  p rov ided  i t s  f requency remains 
cons tan t .  Bu t  a problem a r i s e s  i n  a t tempt ing  
t o  measure t ime  i n t e r v a l s  accu ra te l y .  

U n l i k e  two standard meter ba rs  which can 
be l e f t  s i d e  by s i d e  i n d e f i n i t e l y  w h i l e  t h e i r  
l eng ths  a re  compared, t ime doesn ' t  s tand s t i l l  
f o r  measurement. No two t ime  i n t e r v a l s  can be 
p laced  a longs ide  each o t h e r  and h e l d  s t a t i o n -  
a ry ,  so we must r e l y  on t h e  s t a b i l i t y  o f  an 
o s c i l l a t o r ,  a c lock ,  a counter ,  o r  a s i m i l a r  
measuring dev ice  t o  measure o r  compare t ime  
i n t e r v a l  s.  

I n  f o l l o w i n g  t h e  p r a c t i c e s  s e t  f o r t h  i n  
t h i s  chapter,  one should keep i n  mind t h a t  t he  
end r e s u l t  o f  a measurement can be no b e t t e r  
t han  t h e  performance o f  t h e  equipment w i t h  
which t h e  measurement i s  made. Frequent and 
c a r e f u l  c a l i b r a t i o n  o f  t h e  measuring i n s t r u -  
ments aga ins t  r e l i a b l e  standards i s  a b s o l u t e l y  
necessary i f  maximum accuracy i s  t o  be 
achieved. 

I n  t h i s  chapter,  we d iscuss  t h e  equipment 
needed t o  make t ime  and frequency measurements 
i n  t h e  l ab ,  what t h e  equipment i s  used f o r ,  
how i t  i s  used, and what t h e  r e s u l t s  o f  us ing  
i t  w i l l  be. We do n o t  d iscuss  t h e  re fe rence 
sources o f  t ime and frequency s i g n a l s  be ing  
measured s ince  they  a r e  f u l l y  discussed i n  
l a t e r  chapters.  

4 .1  ELECTRONIC COUNTERS 

I f  you want t o  measure frequency o r  t ime  
i n t e r v a l ,  t he  modern e l e c t r o n i c  counter  i s  a 
good investment.  I t  i s  easy t o  use, does a 
l a r g e  v a r i e t y  of measurements, and i s  r a p i d l y  
go ing  down i n  cos t .  The a v a i l a b i l i t y  o f  new 
i n t e g r a t e d  c i r c u i t s  and d i sp lays  has d r i v e n  
counter  p r i c e s  down w h i l e  pushing t h e i r  spe- 
c i f i c a t i o n s  upward. A 50 MHz counter i s  o n l y  
a few hundred d o l l a r s  o r  l e s s  a t  t h i s  w r i t i n g .  
There i s  another advantage i n  us ing  counters.  
Th is  i s  t he  w r i t t e n  m a t e r i a l  a v a i l a b l e  on 
t h e i r  c o n s t r u c t i o n  and use. A r t i c l e s  i n  Ham 
r a d i o  p u b l i c a t i o n s ,  e l e c t r o n i c  hobby maga- 
z ines ,  and manufacturers '  a p p l i c a t i o n  notes 
and o t h e r  l i t e r a t u r e  a r e  p l e n t i f u l ,  easy t o  
f i n d ,  and easy t o  read. I n  t h i s  chapter ,  o n l y  
p a r t  o f  t h e  a v a i l a b l e  i n f o r m a t i o n  i s  presented 
i n  a t u t o r i a l  way. The reader i s  urged t o  
o b t a i n  and study o the r  m a t e r i a l .  

FIGURE 4.1. ELECTRONIC COUNTERS. 

Modern general-purpose counters have a 
v a r i e t y  o f  measurement fea tures .  Some have 
p r o v i s i o n s  f o r  t h e  i n s e r t i o n  o f  p l u g - i n  mod- 
u l e s  which adapt t h e  counter  t o  an even g rea t -  
e r  range o f  a p p l i c a t i o n s .  Al though counters  
d i f f e r  w ide l y  i n  s p e c i f i c a t i o n  and des ign  
d e t a i l s ,  a l l  have several  major f u n c t i o n a l  
sec t i ons  i n  common. The bas i c  p a r t s  o f  a 
t y p i c a l  counter  a re  the  t ime base, t h e  main 
gate,  and t h e  decade count ing  assembly (OCA). 

The t ime  base prov ides  u n i f o r m l y  spaced 
pu lses  f o r  count ing  and c o n t r o l  o f  t h e  c i r -  
c u i t r y  w i t h i n  t h e  counter.  The t ime  i n t e r v a l  
between pu lses  must be accu ra te l y  known be- 
cause e r r o r s  i n  t h e  t ime  base w i l l  appear 
d i r e c t l y  i n  frequency and t ime  measurements. 
Most counters i nco rpo ra te  an i n t e r n a l  qua r t z  
c r y s t a l  o s c i l l a t o r  f o r  a t ime  base; some use 
t h e  power-1 i n e  frequency. 
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FIGURE 4.2. SIMPLIFIED BLOCK DIAGRAM OF A N  ELECTRONIC COUNTER. 

L 

The o s c i l l a t o r  may be fo l l owed  by decade 
d i v i d e r s  t o  a l l o w  t h e  user a cho ice  o f  several  
d i f f e r e n t  t ime s igna ls .  By adding more d i v i d -  
e r s  t o  t h e  chain,  i t  i s  p o s s i b l e  t o  o b t a i n  
l onger  t ime  i n t e r v a l s .  By inc reas ing  t h e  
c r y s t a l  o s c i l l a t o r  f requency, one may o b t a i n  
s h o r t  t ime  increments. 

The main ga te  c o n t r o l s  t h e  t ime a t  which 
t h e  count  begins and ends. The ga te  may be 
ac tua ted  au tomat i ca l l y  by  pu lses  f rom t h e  t ime 
base o r  manual ly by  means o f  a sw i t ch  on the  
c o n t r o l  panel .  Pulses which pass th rough t h e  
ga te  a re  rou ted  t o  t h e  decade coun t ing  assem- 
b l y  where they  a re  d i sp layed  on t h e  v i s u a l  
numerical  readout.  A f t e r  a p re -se t  d i s p l a y  
pe r iod ,  t h e  ins t rument  r e s e t s  i t s e l f  and 
s t a r t s  another count. 

Other counter  sec t i ons  i n c l u d e  a m p l i f i -  
e rs ,  pu l se  shapers, power supp l ies ,  and con- 
t r o l  c i r c u i t s  f o r  t he  va r ious  l o g i c  c i r c u i t s .  
The i n p u t  channels a re  u s u a l l y  p rov ided  w i t h  
l e v e l  c o n t r o l s  and a t tenua to rs  t o  s e t  t h e  
exac t  ampl i tude l i m i t s  a t  which t h e  counter  
responds t o  i n p u t  s igna ls .  Proper s e t t i n g  o f  
t h e  l e v e l  c o n t r o l s  a l l ows  accura te  measurement 
o f  complex waveforms and a l s o  he lps  r e j e c t  
no ise  o r  o the r  unwanted s igna ls .  

4.1.1 SOURCES OF COUNTER ERROR 

The e r r o r s  assoc ia ted  w i t h  us ing  counters 
va ry  w i t h  t h e  t ype  o f  measurement. The most 
impor tan t  source o f  e r r o r  i s  t h e  counter  t ime  
base. Th is  i s  t he  i n t e r n a l  o s c i l l a t o r  t h a t  
c o n t r o l s  the  count ing  t ime  o r  i s  i t s e l f  count-  
ed and displayed. For accura te  measurements, 
a good t ime  base i s  essen t ia l .  Of ten ,  t h e  
d i f f e r e n c e  i n  c o s t  o f  one counter  over another 
depends on t h e  q u a l i t y  o f  t h i s  i n t e r n a l  o s c i l -  
l a t o r .  You g e t  what you pay f o r ,  so study t h e  
t ime  base s p e c i f i c a t i o n s  c a r e f u l l y  when buy ing  
a counter.  E r r o r s  a re  discussed more f u l l y  
l a t e r  i n  t h i s  chapter .  

The second l a r g e  source o f  e r r o r  i n  coun- 
t e r s  i s  t he  t 1 count ambigui ty.  No t i ce  i n  
f i g u r e  4 .2  t h a t  t h e  counter  ga te  opens and 
c loses  t o  l e t  t h e  pu lses  through. Since t h e  
t ime  base t h a t  d r i v e s  t h e  ga te  i s  n o t  r e l a t e d  
i n  any way t o  the  incoming pu lses ,  sooner o r  
l a t e r  i t  i s  go ing  t o  t r y  t o  c l o s e  o r  open t h e  
ga te  a t  a t ime when t h e  pu lse  t o  be counted i s  
a l ready  present.  So the  l a c k  o f  synchronism 
between t h e  s i g n a l  counted and t h e  ga te  w i l l  
r e s u l t  i n  an e x t r a  count sometimes and one 
l e s s  count a t  o t h e r  t imes. The e f f e c t  on t h e  
counter  d i s p l a y  i s  t h e  k 1 count  ambigui ty.  
I f  t h e  c o r r e c t  answer i s  100.8, you  w i l l  see 
t h e  counter  d i s p l a y  e i t h e r  100 o r  101 some o f  
t h e  t ime. There a re  techniques f o r  g e t t i n g  
around t h i s  problem. Such techniques are  
discussed i n  counter  manuals and a l s o  i n  manu- 
f a c t u r e r s '  a p p l i c a t i o n  notes.  Al though one 
e x t r a  count  o u t  o f  t e n  m i l l i o n  i s  o f t e n  n o t  
s i g n i f i c a n t ,  t h a t  same one count  w i t h  a d i s -  
p l a y  o f  100 cou ld  be very  impor tan t .  

The t h i r d  main source o f  e r r o r  us ing  a 
d i g i t a l  counter  stems from no ise  on t h e  s i g -  
n a l s  o r  f rom s e t t i n g  t h e  c o n t r o l s .  It i s  easy 
t o  be l u l l e d  i n t o  a sense o f  f a l s e  s e c u r i t y  by 
t h e  f a c t  t h a t  t h e  counter  i s  d i s p l a y i n g  b r i g h t  
d i g i t s .  But t hey  may be wrong unless care  i s  
exerc ised i n  s e t t i n g  t h e  c o n t r o l s  so you know 
what s i g n a l  i s  go ing  i n t o  t h e  counter.  Accu- 
r a t e  and p r e c i s e  measurements demand ca re  and 
a t t e n t i o n .  Read the  i n s t r u c t i o n  manual care- 
f u l l y  and know what i t  i s  you a re  measuring. 
Manufacturers o f t e n  recommend the  use o f  an 
osc i l l oscope  i n  p a r a l l e l  w i t h  a counter.  That  
way, you can see what i s  go ing  on. E r ro rs  i n  
counter  measurement a re  discussed more f u l l y  
l a t e r  i n  t h i s  chapter.  

4.1.2 FREQUENCY MEASUREMENTS 

Modern counters  can measure f requenc ies  
up t o  severa l  hundred megahertz d i r e c t l y .  Wi th  
spec ia l  methods o f  measurement, t h e  f requency 
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FIGURE 4.3. DIAGRAM OF A COUNTER I N  THE FREQUENCY MEASUREMENT MODE 

range o f  t h e  counter  may be extended i n t o  t h e  
microwave reg ion .  The maximum coun t ing  r a t e  
o f  t h e  bas i c  ins t rument  i s  l i m i t e d  by t h e  
i n a b i l i t y  o f  i t s  sw i t ch ing  c i r c u i t s  t o  f o l l o w  
ex t remely  f a s t  i n p u t  s igna ls .  

A. D i r e c t  Measurement 

For d i r e c t  frequency measurements, t h e  
i n p u t  s i g n a l  i s  f i r s t  a m p l i f i e d  and conver ted  
i n t o  a s e r i e s  o f  un i fo rm pu lses .  The pu lses  
a re  then a p p l i e d  t o  t h e  main gate,  which i s  
opened f o r  a known t ime  i n t e r v a l  by t h e  t ime 
base (see f i g .  4.3). 

The gate t ime may be 1 microsecond, 1 
m i l l i second ,  1 second, 10 seconds, e t c . ,  as 
determined by t h e  s e t t i n g  o f  t h e  t ime  base 
s e l e c t o r  switch.  Dur ing  t h e  g a t i n g  i n t e r v a l ,  
t h e  s igna l  pu lses  pass through t h e  main ga te  
and on t o  t h e  DCA, where t h e  pu lses  a re  
a c t u a l l y  counted. The count ob ta ined i n  a 
g i ven  ga te  t ime  measures t h e  average i n p u t  
f requency f o r  t h a t  i n t e r v a l .  The frequency i s  
d i sp layed  on the  readout and h e l d  t h e r e  u n t i l  
a new count comes along. The decimal p o i n t  i n  
t h e  d i s p l a y  i s  a u t o m a t i c a l l y  p o s i t i o n e d  t o  
g i v e  t h e  c o r r e c t  readout.  

6. Prescal  i ng 

can 
sca 
t h e  
t h e  
sca 

The h i g h  frequency l i m i t  o f  t h e  counter  
be extended by  a technique known as pre-  
i ng .  Th is  means d i v i d i n g  t h e  frequency o f  
i n p u t  s i g n a l  by some known f a c t o r  be fo re  
s igna l  i s  gated i n t o  t h e  counter.  Pre- 

e r s  a re  a v a i l a b l e  commercial ly.  

I f  t h e  s i g n a l  f requency i s  p resca led  by a 
f a c t o r  o f  D,  t h e  counter  d i sp lays  1/D t imes 
the  ac tua l  f requency o f  t h e  s i g n a l .  By s imple 
m u l t i p l i c a t i o n ,  t h e  counter  read ing  may be 
converted t o  t h e  t r u e  va lue  o f  t h e  i n p u t  
frequency. 

As an example, l e t  us suppose we w ish  t o  
measure a frequency i n  the  range between 200 
and 300 MHz w i t h  a counter  capable o f  measur- 
i n g  t o  o n l y  50 MHz d i r e c t l y .  By means o f  a 
sca le -o f -8  d i v i d e r ,  we reduce t h e  unknown 
frequency t o  a va lue  w i t h i n  t h e  c a p a b i l i t y  o f  
t h e  counter.  I f  t h e  counter  i n d i c a t e s  a 
f requency o f  35.180 MHz, the  a c t u a l  va lue  o f  
t h e  frequency be ing  measured i s  8 x 35.180 
MHz = 281.44 MHz. I n  p r i n c i p l e ,  any number 
may be chosen f o r  t h e  d i v i d e r  D,  b u t  presca- 
l e r s  a re  u s u a l l y  designed t o  d i v i d e  t h e  i n p u t  
f requency by an i n t e g r a l  power o f  two. Th is  
i s  because h i g h  speed coun t ing  c i r c u i t s  a re  
b ina ry ;  i . e . ,  t hey  d i v i d e  by two. I n t e g r a t e d  
c i r c u i t s  a re  becoming a v a i l a b l e  which w i l l  
accept s i g n a l s  i n  t h e  100 MHz range and d i v i d e  
by  ten .  

To avo id  t h e  necess i t y  o f  m u l t i p l y i n g  by 
the  f a c t o r  0, some p resca le rs  i nco rpo ra te  a 
p r o v i s i o n  f o r  leng then ing  t h e  coun te r ' s  ga te  
t ime  by  the  same f a c t o r .  I f  t h e  g a t i n g  i n t e r -  
v a l  i s  inc reased D t imes w h i l e  t h e  i n p u t  f r e -  
quency i s  d i v i d e d  by 0, t he  sca le  f a c t o r  be- 
comes s e l f - c a n c e l l i n g  and t h e  counter  d i s p l a y s  
t h e  c o r r e c t  i n p u t  frequency. F igu re  4 .4  de- 
p i c t s  a counter  equipped w i t h  a p resca le r  
which d i v i d e s  t h e  s i g n a l  f requency and t h e  
time-base frequency by t h e  same amount. 

P resca l i ng  o f f e r s  a convenient way o f  
cover ing  wide frequency ranges w i t h o u t  e labor -  
a t e  equipment and/or ted ious  opera t i ng  proced- 
ures.  Accuracy o f  t h e  presca le r -counter  com- 
b i n a t i o n  i s  t he  same as t h a t  o f  t h e  bas i c  
counter  alone; b u t  s ince  t h e  technique r e -  
q u i r e s  an inc rease i n  measurement t ime  by 
v i r t u e  o f  t h e  sca le  f a c t o r  D, i t  i s  s lower 
than the  d i r e c t  method. 

C.  Heteordyne Converters 

Another way o f  ex tend ing  t h e  upper f r e -  
quency l i m i t  o f  a counter  i s  t o  use a hetero- 
dyne conver te r .  The conver te r  t r a n s l a t e s  t h e  
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unknown s i g n a l  frequency downward by b e a t i n g  
i t  aga ins t  a known s i g n a l  o f  d i f f e r e n t  f r e -  
quency. The p r i n c i p l e  i s  t he  same as t h a t  
employed i n  the  f a m i l i a r  super-heterodyne 
r a d i o  r e c e i v e r  t o  produce an i n te rmed ia te  
frequency. Heterodyne conver ters  a re  a v a i l -  
ab le  e i t h e r  as p l u g - i n  modules o r  as e x t e r n a l  
accessor ies f o r  many commercial counters.  The 
b l o c k  diagram o f  a t y p i c a l ,  manual ly- tuned 
conver te r  i s  shown i n  f i g u r e  4.5. The beat ,  
o r  d i f f e r e n c e  frequency, i s  a p p l i e d  t o  t h e  
counter  and measured. The counter  reading i s  
added t o  t h e  known s i g n a l  f requency, and the  
sum i s  t he  unknown s i g n a l  frequency. 

n 

Looking a t  f i g u r e  4.5, a 10 MHz frequency 
f r o m  t h e  c o u n t e r ' s  i n t e r n a l  t ime  base i s  
m u l t i p l i e d  t o  50 MHz and d r i v e s  a harmonic 
generator.  The harmonic generator  produces a 
l a r g e  number o f  f requencies,  each 50 MHz 
apar t .  By means o f  a tunable c a v i t y ,  t he  
des i red  Nth harmonic can be se lec ted  from 
among t h e  many a v a i l a b l e .  I n  p r a c t i c e ,  i t  i s  
bes t  t o  p i c k  the  harmonic t h a t  i s  nearest  t o  

I I 
- 1 1  

b u t  lower than the  s i g n a l  frequency. The 
mixer  i s  then w i t h i n  the  passband o f  t he  v ideo 
a m p l i f i e r  as i n d i c a t e d  by a movement o f  t h e  
t u n i n g  meter. The mixer  ou tpu t  [ fx  - (N x 50 

MHz)] goes t o  the  counter  i n p u t  and i s  mea- 
sured. The d i a l  marking on the  c a v i t y  t u n i n g  
c o n t r o l  i s  added t o  t he  counter  reading.  

I T I M E  
I - D PULSE BASE * 

RATE R , 

For example: Consider an i n p u t  s i g n a l  a t  
873 MHz. As the harmonic s e l e c t o r  i s  tuned 
upward, h ighe r  harmonics o f  50 MHz a re  i n j e c t -  
ed i n t o  the  mixer.  When t h e  t u n i n g  d i a l  
reaches 850 MHz ( t h e  17th harmonic o f  50 MHz), 
t he  t u n i n g  meter w i l l  r i s e  sha rp l y  and the  
counter  w i l l  d i s p l a y  a reading o f  23 MHz. 
Thus, t he  s i g n a l  frequency i s  t he  sum o f  t he  
d i a l  s e t t i n g  (850) and the  counter  reading 
(23) o r  873 MHz. 

I f  t h e  d i a l  s e t t i n g  and the  counter  
reading are t o  be added, the  t u n i n g  p o i n t  must 
always be approached from the lower s ide  and 
stopped a t  t h e  f i r s t  peak. I f  the  t u n i n g  
c o n t r o l  i s  t u rned  too  f a r ,  so t h a t  a harmonic 
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FIGURE 4 .5 .  TYPICAL MANUALLY-TUNED HETERODYNE CONVERTER. 
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F I G U R E  4.6. TYPICAL MANUALLY-TUNED TRANSFER OSCILLATOR. 

h ighe r  than the  i n p u t  i s  se lec ted ,  t h e  counter  
read ing  must be t r e a t e d  as a negat ive  number. 
Equipment ope ra t i ng  manuals recommend t h a t  
each measurement be repeated t o  be sure the  
answer i s  r i g h t .  

The heterodyne technique o f f e r s  nomina l l y  
t h e  same accuracy as d i r e c t  count ing .  O f  a l l  
known frequency-extension methods, t h e  he tero-  
dyne technique a l l ows  t h e  opera tor  t o  make 
accura te  microwave measurements i n  t h e  l e a s t  
t ime.  Also,  t h i s  method can stand l a r g e  
amounts o f  f requency modu la t ion  on t h e  mea- 
sured s i g n a l  w i t h o u t  changing t h e  accuracy o f  
t h e  measurement. 

D. Trans fe r  O s c i l l a t o r s  

T rans fe r  osc i  1 l a t o r s  can be used t o  
extend t h e  frequency measuring range o f  
counters  beyond t h e  l i m i t  o f  p resca le rs  and 
heterodyne conver te rs .  T rans fe r  o s c i l l a t o r s  
a r e  usable a t  f requenc ies  up t o  40 GHz and 
h igher .  T h e i r  wide bandwidth a l l ows  a s i n g l e  
p l u g - i n  u n i t  t o  cover a g r e a t  range o f  f r e -  
quencies. Also,  most vers ions  a l l o w  accura te  
frequency measurement o f  complex waveforms, 
such as frequency-modulated s i g n a l s  and pu lsed 
rf. 

A t y p i c a l  t r a n s f e r  o s c i l l a t o r  c o n s i s t s  o f  
a s t a b l e  v a r i a b l e  f requency o s c i l l a t o r  (VFO), 
a harmonic genera tor ,  a mixer,  and a n u l l  
de tec to r .  L i k e  t h e  heterodyne conver te r ,  t he  
t r a n s f e r  osc i  1 l a t o r  mixes t h e  unknown s i g n a l  
f requency w i t h  a se lec ted  harmonic o f  some 
i n t e r n a l  re fe rence frequency. But  t h e  r e f e r -  
ence frequency i s  de r i ved  from the  VFO, and 
t h e  counter  i s  used (sometimes i n  c o n j u n c t i o n  
w i t h  a p resca le r  o r  conve r te r )  t o  measure t h e  
VFO fundamental. 

I n  ope ra t i on ,  t h e  VFO i s  c a r e f u l l y  tuned 
u n t i l  one o f  i t s  harmonics matches t h e  f r e -  
quency o f  t h e  s i g n a l  be ing  measured. The 
frequency match i s  i n d i c a t e d  by a zero  bea t  on 
t h e  n u l l  de tec to r .  A t  t h i s  p o i n t  t he  counter  

read ing  f, i s  recorded. The VFO i s  then 
s low ly  tuned upward o r  downward u n t i l  t h e  nex t  
ad jacent  harmonic produces a n u l l .  A new 
counter  read ing  f2 i s  noted. The harmonic 
number a p p l i c a b l e  t o  fl can be c a l c u l a t e d  from 
t h e  formula 

f 2  N, = 
1 

I f 1  - f2 I 

The bars  mean a negat ive  s i g n  i s  ignored; 
i . e . ,  t h e  d i f f e r e n c e  between f, and f2 i s  
always a p o s i t i v e  number. 

Having found bo th  N, and f,, t h e  s i g n a l  
f requency, fx  = Nlf,. To i l l u s t r a t e  t h i s ,  l e t  

us assume t h a t  t h e  f i r s t  n u l l  occurs when fl = 
88.0 MHz. As t h e  VFO i s  tuned s low ly  upward, 
t h e  nex t  n u l l  i s  found a t  f2 = 90.0 MHz. The 
a p p l i c a b l e  harmonic number i s  

- 90.0 = 45 - -  90 .0  N =  
188.0 - 90.0 [ 2.0 

and t h e  unknown frequency i s  

f x  = 45 x 88 .0  MHz = 3960 MHz. 

The same r e s u l t  would be ob ta ined i f  t h e  
r o l e s  o f  fl and f2 were interchanged; i . e . ,  i f  
t h e  VFO were tuned downward from 88.0 MHz t o  
80.0 MHz i n  a r r i v i n g  a t  t h e  second n u l l .  

For any g iven fx, many n u l l  p o i n t s  may be 

no ted  as t h e  VFO i s  tuned through i t s  e n t i r e  
range. Using 3960 MHz as an example, an 
ad jacent  n u l l  p a i r  may be found a t  VFO se t -  
t i n g s  o f  fl = 84.25531914 . . .  MHz and f2 = 82.5 
MHz. Because t h e  f r a c t i o n a l  p a r t  o f  fl does 
n o t  end, however, t h e  counter  cannot d i s p l a y  
t h a t  number accu ra te l y .  N1 = 47 can be com- 
pu ted  from t h e  formula (rounded o f f  t o  t h e  
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nearest whole number since harmonic numbers 
must be integers). But fx cannot be calcu- 
lated with accuracy from the relation fx = 
N,f, because there is no way of knowing the 
missing part o f  f,. In this case, it is 
better to calculate fx from f2 since f2 i s  an 
exact number. 
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An error may arise if the operator cannot 
tell exactly where the zero beat occurs. Here 
the resolution of the null detector is all 
important. The total reading error is the sum 
o f  the error in the counter reading plus the 
error caused by imperfect null detection. 
Typically, an uncertainty o f  several parts in 

v c o  A U T O  vco  P H A S E  . 
f 2  C O N T R O L  f l  - 

lo7 applies to microwave measurements made 
with manually-tuned oscillators. 

f x_  

Some of the more elaborate transfer 
oscillators employ feedback methods which lock 
the VFO to an exact submultiple o f  f,. The 
phase lock feature essentially eliminates 
human error caused by improper zero-beat de- 
tection. Most automatic transfer oscillators 
also have provisions for extending the count- 
er's gating interval by the factor N so that 
the counter can display fx directly. Figure 
4.7 shows block diagrams of three automatic 
transfer oscillators which are presently 
available commercially. 
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F I G U R E  4.7. AUTOMATIC TRANSFER O S C I L L A T O R S .  
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F I GURE 4 .8. D I AGRAM OF COUNTER I N THE PER I OD-MEASUREMENT MODE. 

utL 

Phase-locked t r a n s f e r  o s c i l l a t o r s  are 
normal ly  used t o  measure o n l y  s t a b l e  cw (con- 
t i nuous  wave) s i g n a l s  and o f t e n  are n o t  a p p l i -  
cab le  t o  complex waveforms c o n t a i n i n g  frequen- 
cy o r  pu l se  modulat ion.  Even i n  those ver-  
s ions which are ab le  t o  measure pulsed car-  
r i e r s ,  t h e  accuracy i s  n o t  as g r e a t  as when 
measuring cont inuous waves. 

* _I 

DISPLAY 
C O N T R O L  G A T E  C O N T R O L  

4.1.3 PERIOD MEASUREMENTS 

The frequency o f  a s i g n a l  can be ca lcu-  
l a t e d  from i t s  pe r iod .  Sometimes i t  i s  eas ie r  
and b e t t e r  t o  measure the  p e r i o d  o f  a s i g n a l  
r a t h e r  than i t s  frequency. The bas i c  c i r c u i t s  
o f  a frequency counter  can be rearranged t o  
make p e r i o d  measurements s imply  by exchanging 
the  r o l e s  o f  t he  t ime base and the  i n p u t  s i g -  
na l  ( f i g .  4.8).  This  i s  done by means o f  a 
sw i t ch  on the c o n t r o l  panel .  For p e r i o d  mea- 
surements, t h e  ou tpu t  o f  t he  t i m e  base gener- 
a t o r  i s  counted d u r i n g  a t i m e  i n t e r v a l  con- 
t r o l l e d  by the  p e r i o d  o f  t h e  i n p u t  s i g n a l  fx. 

I f ,  f o r  example, f, has a p e r i o d  o f  1 ms 

counter  d i sp lays  (1 x s) (1 x 10 pulses/  
s)  = 100 pulses d u r i n g  each gate i n t e r v a l .  I f  

and t h e  t ime base ou tpu t  i s  l o 5  QPS, t h e  

the  p e r i o d  o f  fx  i s  increased t o  10 ms, t he  
counter  t o t a l s  1000 pulses.  The counter  read- 
o u t  i s  p r o p o r t i o n a l  t o  the  p e r i o d  o f  fx and 

can be designed t o  d i s p l a y  the  p e r i o d  d i r e c t l y  
i n  u n i t s  o f  t ime (microseconds, m i l l i seconds ,  
seconds, e t c .  ). 

Frequency obta ined by p e r i o d  measurements 
i s  o f t e n  more accurate than d i r e c t  frequency 
measurements. This  i s  t r u e  up t o  t h e  p o i n t  
where t h e  frequency be ing  measured equals the  
frequency o f  t he  counter  t ime  base o s c i l l a t o r .  
The disadvantage o f  p e r i o d  measurements i s  i n  
i n t e r p r e t i n g  the  meaning o f  t h e  counter  d i s -  
play.. It i s  n o t  h e r t z  o r  cyc les  pe r  second-- 
i t  i s  t ime. To g e t  h e r t z  you have t o  d i v i d e  
t h e  answer i n t o  the  number 1 ( take  t h e  r e c i p -  
r o c a l ) .  But t h i s  disadvantage i s  r a p i d l y  
d i  sappeari ng due t o  the  new i n t e g r a t e d  c i  r- 
c u i t s  now a v a i l a b l e .  The d i v i s i o n  i s  pe r -  
formed by t h e  counter  c i r c u i t s  and you g e t  the 
b e s t  o f  bo th  wor lds--per iod measurements f o r  
accuracy w i t h  the  answer d i sp layed  i n  he r t z .  

The accuracy of a p e r i o d  measurement can 
be improved f u r t h e r  by us ing  a m u l t i p l e - p e r i o d  
mode o f  operat ion.  I n  t h i s  mode, the  ou tpu t  
o f  t h e  s i g n a l  a m p l i f i e r  i s  rou ted  through one 
o r  more decade frequency d i v i d e r s  be fo re  

D C A  A N D  - - . . . . . . - 
R E A D O U T  

1 1 1 1 1 ~  
A 

- - - - 
A - G A T E  . DISPLAY 
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- - 
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FIGURE 4.9. DIAGRAM OF COUNTER I N  THE MULTIPLE-PERIOD MODE. 
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TABLE 4.1 READINGS OBTAINED WITH VARIOUS SETTINGS OF 
TIME BASE AND P E R I O D  MULTIPLIER CONTROLS 

' x 1  

' x 1 0  

x 100 

x 1,000 

x 10,000 

2 ms 

2.4 ins 

2.41 ms 

2.409 ms 
~~ 

2.4089 ins 

reach ing  t h e  ga te  c o n t r o l  c i r c u i t .  Thus t h e  
main ga te  i s  h e l d  open f o r  10, 100, 1000, o r  
more pe r iods  depending upon t h e  number o f  
d i v i d e r  stages used. The more pe r iods  over  
which a s i g n a l  i s  averaged, t h e  b e t t e r  t h e  
r e s o l u t i o n .  But  you have t o  w a i t  longer  f o r  
t h e  answer. 

To i l l u s t r a t e  the  advantage o f  m u l t i p l e -  
p e r i o d  averaging, cons ider  a counter  read ing  
o f  41 5 kHz taken i n  t h e  frequency-measurement 
mode. The same i n p u t ,  i f  d i v i d e d  by  10 us ing  
a p e r i o d  measurement w i t h  a 10 MHz t ime base 
would d i s p l a y  a s i x - d i g i t  read ing  o f  2408.91 
microseconds. By t a k i n g  t h e  r e c i p r o c a l ,  fx 

averages 415.125 Hz over t e n  complete per iods .  
We gained th ree  decimal p o i n t s  by  p e r i o d  
averaging. 

The accuracy o f  t h e  measurement may be 
improved i n  two ways: by  i nc reas ing  t h e  t ime  
base frequency (a  more c o s t l y  counter )  o r  by 
averag ing  f o r  more pe r iods  ( w a i t i n g  longer) .  
Table 4.1 shows t h e  r e s u l t s  o f  repeated p e r i o d  
measurements o f  t h e  same s igna l .  The measure- 
ments were made w i t h  a counter  hav ing  an 
8 - d i g i t  d i s p l a y  and w i t h  va r ious  s e t t i n g s  o f  
bo th  t h e  t ime base s e l e c t o r  sw i t ch  and t h e  
p e r i o d  mu1 t i p l i e r  sw i tch .  The improved reso- 
l u t i o n  a t  h ighe r  t ime base r a t e s  and a t  l onger  
g a t i n g  i n t e r v a l s  i s  q u i t e  apparent. 

Noise i s  a major source o f  e r r o r  i n  per -  
i o d  measurements. A no isy  i n p u t  s i g n a l  may 
cause t h e  main ga te  t o  open o r  c lose  t o o  soon 
a t  one t ime  and t o o  l a t e  a t  another.  I n  t h e  
p e r i o d  measurement, assume t h a t  t h e  counter  i s  
designed t o  t r i g g e r  the  main ga te  a t  a 
p o s i t i v e - g o i n g  zero-ax is  c ross ing  o f  t h e  i n p u t  

*COUNTER HAS ONLY AN 8-DIGIT DISPLAY 

s i g n a l .  Any j i t t e r  a t  t h i s  p o i n t  produces 
e r r a t i c  ga t i ng ,  as shown i n  f i g u r e  4.10. 

The e r r o r  r e s u l t i n g  f rom no ise  i s  inde- 
pendent o f  f requency and may be reduced by 
ex tend ing  t h e  measurement t o  more than one 
per iod .  A t en -pe r iod  measurement, f o r  i n -  
stance, i s  t e n  t imes more p r e c i s e  than a 
s i n g l e - p e r i o d  measurement because t h e  same 
u n c e r t a i n t y  i n  t h e  t ime  o f  opening and c l o s i n g  
t h e  main ga te  i s  d i s t r i b u t e d  over an i n t e r v a l  
t e n  t imes  longer .  

4.1.4 TIME INTERVAL MEASUREMENTS 

E l e c t r o n i c  counters  a r e  w ide ly  used f o r  
t h e  measurement o f  t ime  i n t e r v a l s ,  b o t h  p e r i -  
o d i c  and aper iod i c .  They range i n  l e n g t h  f rom 
l e s s  than a microsecond up t o  hours and even 
days. A t  t h e  end o f  t h e  measured i n t e r v a l ,  
t h e  elapsed t ime  i s  d i sp layed  i n  d i g i t a l  form. 

Counters va ry  cons iderab ly  i n  t h e i r  t ime-  
measuring a b i l i t y .  Some a re  designed t o  mea- 
sure  t h e  d u r a t i o n  o f  a s i n g l e  e l e c t r i c  pu l se  
w h i l e  o the rs  measure t h e  i n t e r v a l  between t h e  
occurrence o f  two d i f f e r e n t  pulses.  The more 
v e r s a t i l e  models have i n d i v i d u a l l y  ad jus tab le  
s t a r t  and s top  c o n t r o l s  which a l l o w  g r e a t e r  
c o n t r o l  by  t h e  opera tor .  

As w i t h  p e r i o d  measurements, t h e  bas i c  
components o f  t h e  counter  a re  connected i n  
such a way t h a t  t h e  ou tpu t  pu lses  f rom t h e  
t ime  base a re  counted. To s e l e c t  t h e  i n t e r v a l  
be ing  measured, separate s t a r t - s t o p  a m p l i f i e r s  
and c o n t r o l s  a re  used t o  open and c lose  t h e  
main gate. 
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F I G U R E  4.12. OPTIMUM T R I G G E R  P O I N T S  FOR START-STOP P U L S E S .  

During the time between the start and 
stop signals, the main gate is held open and 
counts are accumulated according to the length 
of the gate interval. At the end of the gate 
interval, the readout assembly can be made to 
display the elapsed time directly in micro- 
seconds, seconds, minutes, or other appropri- 
ate units. 

The start-stop input circuits are de- 
signed to produce sharp, uniform trigger 
pulses from a variety of signals. Best re- 
sults are obtained if clean pulses are used. 
If the instrument has a trigger level control, 
it is possible to select the exact input am- 
plitude at which a trigger pulse from that 
channel is generated. If a slope control i s  
provided, it i s  possible to set the trigger 
point on either the positive-going or the 
negative-going side of the input signal at 
will. 

Careful setting of the trigger level and 
slope controls is necessary to avoid measure- 
ment errors caused by noise, jitter, harmon- 
ics, and other forms of distortion on the 

input signal. Figure 4.12 shows the best 
triggering points for six different input 
waveshapes. In each case, the desired trigger 
point (as indicated by an x) is at the center 
of the steepest, cleanest portion of the 
signal. Note that for noise-free sinusoidal 
(sine wave) signals as in waveform ( B ) ,  the 
optimum trigger points occur at the zero 
crossings. 

4.1.5 PHASE MEASUREMENTS 

The time interval counter can be used to 
measure phase relationships between two input 
signals o f  the same frequency. To do this, 
one of the signals goes to the start channel 
while the second signal goes to the stop 
channel. The level and slope controls are 
adjusted to trigger at the same point on both 
input waveforms. For sinusoidal waves, the 
best triggering point is the zero-crossover. 
The time interval between corresponding points 
on the two input waveforms is then read 
directly from the counter. Time interval can 
be converted to a phase angle by the formula 

S T A R T  I, 1 - + 
c 

GATE DISPLAY 
I, CONTROL CONTROL 

S T A R T  h I, A A 
GATE DISPLAY 

STOP*> I, CONTROL CONTROL 

c 

F I G U R E  4 .13 .  USE O F  T I M E - I N T E R V A L  U N I T  FOR PHASE MEASUREMENTS 
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T 

degrees 

rad ians,  

where T i s  t he  known p e r i o d  o f  t he  two s i g n a l s  
expressed i n  the  same u n i t s  as the  t i m e  
i n t e r v a l  . 

4.1.6 PULSE-WIDTH DETERMINATION MEASUREMENTS 

T r i g g e r  c o n t r o l s  are seldom c a l i b r a t e d  
w i t h  s u f f i c i e n t  accuracy t o  measure the  r i s e  
t i m e  o r  decay t i m e  o f  a s i n g l e  pu lse.  It i s  
a lmost  always necessary t o  use an osc i l l oscope  
t o  measure r i s e  t i m e .  An osc i l l oscope  used 
w i t h  a counter  i s  very  use fu l .  By s e l e c t i n g  
one p o l a r i t y  o f  s lope f o r  t he  s t a r t  t r i g g e r  
and the  opposi te  p o l a r i t y  f o r  t he  s top  t r i g -  
ger,  you can measure the  t o t a l  d u r a t i o n  of a 
pulse.  The d u r a t i o n  o f  pu l se  (A)  i n  f i g u r e  
4.12, f o r  example, cou ld  be determined by 
s e l e c t i n g  p o i n t  x on the  p o s i t i v e  s lope f o r  
t h e  s t a r t  t r i g g e r  and p o i n t  x on the  negat ive 
s lope f o r  the s top t r i g g e r .  Some t ime i n t e r -  
v a l  counters b r i n g  the  gate s t a r t - s t o p  pu lse  
o u t  on connectors f o r  osc i l l oscope  viewing. 

Car ry ing  the  idea one s tep  f u r t h e r ,  t he  
p e r i o d  o f  waveform (B) i n  f i g u r e  4.12 cou ld  be 
measured by choosing the  p o s i t i v e  zero-cros-  
s i n g  as the  t r i g g e r  p o i n t  f o r  bo th  t h e  s t a r t  
and s top pulses.  When measuring pu lse  w i d t h  
o r  p e r i o d  w i t h  a t i m e  i n t e r v a l  counter ,  i t  i s  

necessary t o  connect bo th  i n p u t  channels t o  
t h e  same source ( f i g u r e  4.14). 

The sma l les t  measurable t i m e  i n t e r v a l  i s  
l i m i t e d  by the  r e s o l u t i o n  o f  t he  counter.  I n  
genera l ,  the r e s o l u t i o n  o f  t ime i n t e r v a l  and 
p e r i o d  measurements are a f f e c t e d  by the  same 
f a c t o r s .  The presence o f  no ise can s e r i o u s l y  
impa i r  t he  p r e c i s i o n  o f  pu lse-width determi-  
na t i ons .  

4.1.7 COUNTER ACCURACY 

Depending upon the  c h a r a c t e r i s t i c s  o f  t h e  
counter  and i t s  method o f  use, t h e  accuracy o f  
measurements may range from 1 p a r t  i n  I O 2  t o  a 
few p a r t s  i n  1O1O o r  b e t t e r .  Al though t h e  
p o s s i b l e  causes f o r  i naccu ra te  measurement a re  
many, t he  main sources o f  e r r o r  a r e  (1) t ime- 
base i n s t a b i l i t y ,  (2)  u n c e r t a i n  ga t i ng ,  and 
(3) f a u l t y  t r i g g e r i n g .  The t o t a l  measurement 
e r r o r  i s  the a lgeb ra i c  sum o f  a l l  i n d i v i d u a l  
e r r o r s .  

A. Time Base E r r o r  

The t ime base o s c i l l a t o r  w i l l  change 
frequency s l i g h t l y  d u r i n g  t h e  course o f  a 
measurement. Th is  i s  due t o  temperature 
changes, l i n e  vo l tage  changes, i n t e r n a l  noise,  
and c r y s t a l  aging. Temperature e f f e c t s  can be 
minimized by a l l o w i n g  the  inst rument  t o  warm 
up be fo re  use and by keeping the  counter  i n  a 
constant- temperature l o c a t i o n .  I f  t h e  l i n e  
vo l tage  f l u c t u a t i o n s  are severe, i t  may be 
necessary t o  operate t h e  counter  f rom a regu- 
l a t e d  power source. Check t h e  opera t i ng  
manual f o r  t he  manufacturer 's  recommendations. 
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FIGURE 4.15. T Y P I C A L  T I M E  BASE S T A B I L I T Y  CURVE. 

Any noise generated i n t e r n a l l y  by the  
t i m e  base o s c i l l a t o r  produces a j i t t e r  i n  i t s  
ou tpu t  frequency. This  may cause erroneous 
counts,  e s p e c i a l l y  when a measurement i s  pe r -  
formed d u r i n g  a b r i e f  t i m e  i n t e r v a l .  As t he  
measurement t ime i s  made longer ,  t he  j i t t e r  
tends t o  average out .  For t h i s  reason, t h e  
j i t t e r  i s  o f t e n  c a l l e d  "shor t - term" i n s t a b i l i -  
ty. A t y p i c a l  t i m e  base s t a b i l i t y  graph i s  
shown i n  f i g u r e  4.15. Note t h a t  t h e  v e r t i c a l  
a x i s  i s  l abe led  A f / f ,  which i s  equal t o  F, t h e  
r e l a t i v e  frequency o f  t he  t ime base. A com- 
p l e t e  exp lana t ion  o f  t h i s  n o t a t i o n  i s  g i ven  i n  
Chapter 3. 

I n  modern counters ,  the amount o f  o s c i l -  
l a t o r  no ise i s  g e n e r a l l y  so smal l  t h a t  sho r t -  
t e r m  s t a b i l i t y  i s  s p e c i f i e d  o n l y  f o r  t he  most 
p r e c i s e  inst ruments.  When reading s p e c i f i c a -  
t i o n s ,  i t  should be r e a l i z e d  t h a t  t h e  averag- 
i n g  t ime has an impor tan t  bea r ing  on the  
a c t u a l  meaning o f  s t a b i l i t y  f i g u r e s .  For 
example, an o s c i l l a t o r  hav ing a s t a b i l i t y  
s p e c i f i c a t i o n  o f  5 x 10 - lo  (per minute) might  
be n o i s i e r  than one w i t h  a s p e c i f i c a t i o n  o f  5 
x (per  second). To be a b s o l u t e l y  mean- 
i n g f u l ,  sho r t - t e rm s t a b i l i t y  f i g u r e s  should be 
compared f o r  t he  same averaging pe r iod ,  pre-  
f e r a b l y  o f  o n l y  a few seconds. 

Long-term i n s t a b i l i t y ,  on the  o the r  hand, 
r e f e r s  t o  a slow, o f t e n  p r e d i c t a b l e  d r i f t  i n  
t h e  average frequency o f  an o s c i l l a t o r  due t o  
gradual  changes i n  the  c r y s t a l .  Q u a r t z  c r y -  
s t a l s  e x h i b i t  d r i f t  r a t e s  t y p i c a l l y  o f  1 0 - l o  
t o  p e r  day as a r e s u l t  o f  c r y s t a l  aging. 
A f t e r  a b r i e f  warmup p e r i o d  when the  o s c i l -  
l a t o r  i s  f i r s t  t u rned  on, a h i g h - q u a l i t y  
c r y s t a l  has a l i n e a r  frequency d r i f t ,  t he  
s lope o f  which revea ls  the  c r y s t a l  ag ing r a t e .  

Because aging produces l a r g e r  and l a r g e r  
e r r o r  as t ime goes on, i t  is  necessary t o  
r e c a l i b r a t e  t h e  o s c i l l a t o r  i f  t h e  t ime base i s  
t o  be accurate.  For utmost accuracy i t  may be 
wise t o  check the  o s c i l l a t o r  c a l i b r a t i o n  
immediately be fo re  and a f t e r  a c r i t i c a l  mea- 
surement. However, on inexpensive counters.  
t h i s  may be i m p r a c t i c a l .  

For measurements which r e q u i r e  a b e t t e r  
t ime  base accuracy than t h a t  o f  t he  c o u n t e r ' s  
i n t e r n a l  o s c i l l a t o r ,  you can use an ex te rna l  
frequency source t o  d r i v e  the  t i m e  base gen- 
e r a t o r .  Most counters  have a b u i l t - i n  con- 
nec to r  and sw i t ch  f o r  us ing  an e x t e r n a l  o s c i l -  
l a t o r .  The i n t e r n a l  o s c i l l a t o r  i s  automat ic-  
a l l y  disconnected when t h e  t ime base i s  
swi tched t o  an ex te rna l  source. 

B. Gate E r r o r  

As p r e v i o u s l y  mentioned, an u n c e r t a i n t y  
o f  f 1 count i s  i n h e r e n t  w i t h  a l l  convent ional  
e l e c t r o n i c  counters  because t h e  t ime base 
pu lses  a re  u s u a l l y  n o t  synchronized w i t h  t h e  
s i g n a l  be ing  measured. Because o f  t h i s ,  i t  i s  
p o s s i b l e  f o r  t he  read ing  t o  be i n  e r r o r  by one 
count  even i f  t h e r e  are no o t h e r  sources o f  
e r r o r !  As an example, f i g u r e  4.16 shows how 
t h e  same s i g n a l  might  produce a count o f  
e i t h e r  8 o r  9, depending upon when the  g a t i n g  
i n t e r v a l  s t a r t e d .  

I t  i s  obvious t h a t  t h e  percentage e r r o r  
becomes smal ler  as more pulses are counted. A 
one count mat ters  l e s s  f o r  1,000,000 than f o r  
1,000. This  exp la ins  why l o n g  g a t i n g  i n t e r -  
v a l  s p e r m i t  g r e a t e r  accuracy o f  measurement. 
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FIGURE 4 .16 .  CONSTANT GATING INTERVAL WITH AMBIGUITY OF f 1 COUNT. 

I f  we count  a 1 MHz f requency f o r  1 
second, t h e  ?r 1 count  e r r o r  i s  one p a r t  p e r  
m i l l i o n .  I f  e i t h e r  t h e  measured frequency i s  
inc reased t o  10 MHz o r  t he  g a t i n g  i n t e r v a l  i s  
lengthened t o  10 seconds, t h e  e r r o r  goes down 
t o  1 p a r t  p e r  t e n  m i l l i o n .  I n  measurements o f  
h i g h  f requenc ies ,  made d i r e c t l y  o r  w i t h  t h e  
a i d  o f  heterodyne conver te rs ,  t h e  u n c e r t a i n t y  
o f  ? 1 count  may be l e s s  impor tan t  than t h e  
coun te r ‘ s  t ime  base e r r o r .  The same i s  t r u e  
o f  p resca le rs  which i nco rpo ra te  gate ex tens ion  
fea tures .  

Prev ious ly ,  we noted t h a t  low f requenc ies  
can be measured more accu ra te l y  by p e r i o d  
measurements than by d i r e c t  f requency measure- 
ments. For  very  h i g h  frequencies,  however, 
t h e  reverse  i s  t r u e .  A t  some p o i n t ,  t h e  
e f f e c t  o f  ga te  e r r o r  must be i d e n t i c a l  f o r  
e i t h e r  mode o f  opera t ion .  The c h a r t  i n  f i g u r e  
4.17 dep ic t s  t h e  crossover p o i n t  as w e l l  as 
t h e  accuracy which can be expected bo th  from 
m u l t i p l e - p e r i o d  measurements and d i r e c t  f r e -  
quency measurements up t o  100 MHz. 
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C. T r i g g e r  E r r o r s  

T r i g g e r  e r r o r s  u s u a l l y  a r i s e  f rom t h e  
presence o f  no ise  o r  o t h e r  modu la t ion  on t h e  
ga te -con t ro l  s i g n a l .  Th i s  source o f  e r r o r  has 
been mentioned p r e v i o u s l y  i n  con junc t i on  w i t h  
p e r i o d  and t ime  i n t e r v a l  measurements. For 
f requency measurements, t h e  t r i g g e r  e r r o r  i s  
almost always n e g l i g i b l e  because t h e  gate- 
c o n t r o l  s i g n a l ,  ob ta ined d i r e c t l y  f rom t h e  
t ime  base, can be v i r t u a l l y  no ise- f ree .  

For p e r i o d  and t ime  i n t e r v a l  measure- 
ments, t h e  t r i g g e r  e r r o r  ( E ~ ~ )  i s  expressed 

mathemat ica l l y  as t h e  r a t i o  o f  t h e  ga te  t ime  
d e v i a t i o n  ( A t )  t o  t h e  t o t a l  d u r a t i o n  (T) o f  
t h e  g a t i n g  i n t e r v a l .  T r i g g e r  e r r o r  i s  a l s o  
p r o p o r t i o n a l  t o  t h e  f r a c t i o n  o f  peak no ise  
vo l tage  (E,) over peak s i g n a l  vo l tage  (ES). 

En 

E S ’  

= ! A i =  k -  ‘tr 

1 H z  l O H z  IOOHz l k H z  l O k H z  lOOkHz l M H z  IOMHz lOOMHz 

MEASURED FREQUENCY 

FIGURE 4.17. ACCURACY CHART FOR PER1 OD AND FREQUENCY MEASUREMENTS. 
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where k i s  a p r o p o r t i o n a l i t y  constant  de te r -  
mined by the  na tu re  o f  t h e  modulat ion.  

Al though noise can sometimes be removed 
from the  i n p u t  s i g n a l  by ex te rna l  devices;  
e.g., l i m i t e r s ,  f i l t e r s ,  e t c . ,  i t s  e f f e c t s  can 
be reduced more conven ien t l y  by m u l t i p l e -  
p e r i o d  averaging. As more pe r iods  a re  aver-  
aged, t h e  e f f e c t s  o f  b o t h  t h e  2 1 count ambi- 
g u i t y  and the  t r i g g e r  e r r o r  d i m i n i s h  propor-  
t i o n a t e l y .  

Most counters  i nco rpo ra te  a Schmi t t  t r i g -  
ger  o r  s i m i l a r  c i r c u i t  t o  generate t h e  t r i g g e r  
pulses.  Because o f  a s l i g h t  h y s t e r e s i s  o r  l a g  
i n  sw i t ch ing  a c t i o n  which cha rac te r i zes  such 
c i r c u i t s ,  t h e  r i s e  and decay o f  t he  t r i g g e r  
pu lses are n o t  s t a r t e d  a t  e x a c t l y  t h e  same 
vol tage.  Instead,  t he  w i d t h  o f  t he  t r i g g e r  
pu l se  i s  determined by two vo l tage  levels- -one 
t h a t  es tab l i shes  the  p o i n t  a t  which t h e  pu lse  

I 
I I I I I  

CONTINUOUS S I N E  WAVE I N P U l  

(FOUR PULSES PRODUCED) 

HEAVY AMPLITUDE MODULATION 

(THREE PULSES PRODUCED) 

begins t o  r i s e  and t h e  o the r  t h a t  d i c t a t e s  t h e  
p o i n t  where t h e  pu lse  s t a r t s  t o  f a l l .  A com- 
p l e t e  pu l se  i s  produced, t h e r e f o r e ,  o n l y  when 
the  i n p u t  s i g n a l  crosses both c r i t i c a l  l e v e l s .  

F igu re  4.18 shows how counts may be l o s t  
o r  gained as a r e s u l t  o f  s i g n a l  modulat ion.  
The shaded area i n  each example i s  t h e  hys te r -  
e s i s  zone o f  t he  t r i g g e r  c i r c u i t .  I n c o r r e c t  
counts are l i k e l y  t o  r e s u l t  whenever the  i n p u t  
waveform reverses d i r e c t i o n  w i t h i n  the  shaded 
zone. 

To measure the  t ime  i n t e r v a l  between the  
occurrence o f  a sharp pu lse  and t h e  nex t  
p o s i t i v e - g o i n g  zero c ross ing  o f  a cont inuous 
s i n e  wave, i t  would be l o g i c a l  t o  s t a r t  t h e  
counter  w i t h  t h e  pu lse  and a d j u s t  t h e  stop- 
channel c o n t r o l ( s )  t o  t r i g g e r  a t  zero v o l t s  on 
t h e  p o s i t i v e  s lope. I f  t h e  t r i g g e r  l e v e l  
c o n t r o l  f o r  t he  s top channel i s  improper l y  

I I j  
I 

LOW-FREQUENCY R I P P L E  SUPERIMPOSED 

(THREE PULSES PRODUCED) 

HIGH-FREQUENCY INTERFERENCE 

(FIVE PULSES PRODUCED) 

FIGURE 4.18. UNDIFFERENTIATED SCHMITT-TRIGGER WAVEFORMS. 
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C A L I B R A T I O N  L O W  
( T R I G G E R  L E V E L  T O O  H I G H )  i - 7  I 
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I 
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L- TIME INTERVAL  CORRECT^ I I 
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C A L I B R A T I O N  H I G H  :!: ( T R I G G E R  L E V E L  T O O  L O W )  

I 
L-TIME INTERVAL T O O  S H O R T +  
I 

F I G U R E  4 .19 .  T I M E  ERROR PRODUCED BY IMPROPER C A L I B R A T I O N  
OF TRIGGER L E V E L  CONTROL. 

c a l i b r a t e d ,  however, t h e  s top  pu lse  may be 
produced a t  a p o i n t  t h a t  i s  a c t u a l l y  p o s i t i v e  
o r  negat ive  when t h e  c o n t r o l  i s  s e t  a t  zero. 
Th is  means t h a t  t h e  measured t ime  i n t e r v a l  
w i l l  be t o o  l ong  o r  t o o  s h o r t  as shown by  
f i g u r e  4.19. 

O f  course, an oppos i te  e r r o r  w i l l  r e s u l t  
i f  t h e  t r i g g e r  l e v e l  c o n t r o l  f o r  t he  s t a r t  
channel reads t o o  low o r  t o o  h igh .  I f  t h e  
c o n t r o l s  f o r  bo th  channels a re  misad jus ted  i n  
oppos i te  d i r e c t i o n s ,  t h e  combined e r r o r  w i l l  
be cumulat ive.  Furthermore, t he  e f f e c t  o f  
t r i g g e r  c a l i b r a t i o n  e r r o r  i s  made worse i f  
i ns tead  o f  a steep wavef ron t  t h e  i n p u t  s igna l  

has a gradual  s lope a t  t h e  se lec ted  t r i g g e r i n g  
p o i n t .  

A low-frequency s i n e  wave i s  convenient 
f o r  checking t h e  c a l i b r a t i o n  o f  t r i g g e r  con- 
t r o l s .  Wi th  t h e  counter  i n  the  t ime  i n t e r v a l  
mode, t h e  g a t i n g  i n t e r v a l  sw i t ch  i n  t h e  X1 po- 
s i t i o n ,  and bo th  i n p u t  channels ad jus ted  t o  
t r i g g e r  a t  zero v o l t s  on t h e  same slope, t h e  
counter  should d i s p l a y  e x a c t l y  one p e r i o d  o f  
t h e  t e s t  s igna l .  Next t h e  s lope s e l e c t o r  f o r  
t h e  s top  channel i s  t u rned  t o  i t s  oppos i te  po- 
s i t i o n  w i t h o u t  a d j u s t i n g  any o the r  c o n t r o l s .  
I f  t h e  counter  read ing  changes by e x a c t l y  one- 
h a l f  p e r i o d  when t h e  oppos i te  s lope i s  

( a )  L E V E L  T O O  H I G H  

( b )  L E V E L  C O R R E C T  

( c )  L E V E L  TOC 

F I G U R E  4.20. S I N E  WAVE METHOD OF CHECKING TRIGGER L E V E L  CAL 
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D I G I T A L  D TO A 
COUNTER C O N V E R T E R  - - 

F I G U R E  4.21. D I G I T A L - T O - A N A L O G  ARRANGEMENT FOR CHART RECORDING. 

. m 
ANALOG C H A R T  

S T R I P  R E C O R D E R  

se lected,  the t r i g g e r  l e v e l  s e t t i n g  i s  cor-  
r e c t .  I f  the  reading changes by more than 
one-hal f  pe r iod ,  as i n  (a) o f  f i g u r e  4.20, t he  
s top  channel 's  t r i g g e r  l e v e l  i s  t oo  high. I f  
the  change i s  l e s s  than one-hal f  pe r iod ,  as i n  
(c) ,  t h e  t r i g g e r  l e v e l  i s  t o o  l o w .  The s t a r t  
t r i g g e r  can be checked i n  a s i m i l a r  f ash ion  by 
h o l d i n g  a l l  o the r  c o n t r o l s  f i x e d  and sw i t ch ing  
the  s lope s e l e c t o r  f o r  t h e  s t a r t  channel on l y .  

CRT 
POWER 
SUPPLY - 

4.1.8 PRINTOUT AND RECORDING 

+ 

VERT I CAL 
I N P U T  

Some counters  have p r o v i s i o n s  f o r  con- 
n e c t i n g  a p r i n t e i -  t o  g e t  a permanent reco rd  o f  
t he  readings. Using a d i g i t a l - t o - a n a l o g  con- 
v e r t e r ,  t h e  counter  can a l s o  be used t o  d r i v e  
a c h a r t  recorder .  The p r i n t e r  must be compat- 
i b l e  w i t h  the  counter  i f  a v a l i d  p r i n t o u t  i s  
t o  be obtained. 

VERTICAL 
AMPLIFIER 

4.2 OSCILLOSCOPE METHODS 

The cathode-ray osc i l l oscope  i s  probably  
one o f  t h e  most u s e f u l  l a b o r a t o r y  t o o l s  a v a i l -  
ab le  t o  the  e l e c t r o n i c s  techn ic ian ,  engineer,  
o r  s c i e n t i s t .  Whole volumes have been devoted 
t o  i t s  many uses. 

The bas i c  phys i ca l  p r i n c i p l e s  o f  t he  
o s c i l l o s c o p e  have been known f o r  years.  An 
e a r l y  o s c i l l o g r a p h  (as i t  was then c a l l e d )  was 
i n  ope ra t i on  d u r i n g  t h e  1890's.  Th i s  dev ice 

used w i res ,  m i r r o r s ,  and l i g h t  beams i n s t e a d  
o f  e l e c t r o n i c  c i r c u i t s ,  b u t  i t  cou ld  d i s p l a y  
waveforms o f  low-frequency a l t e r n a t i n g  
c u r r e n t .  

The modern cathode-ray tube was developed 
i n  t h e  e a r l y  1920's. Since then,  t h e  e lec-  
t r o n i c  osc i l l oscope  has evolved i n t o  an i n -  
strument t h a t  can d i s p l a y  high-frequency wave- 
forms and s t o r e  images f o r  days. Measurements 
o r  comparisons o f  f requencies and t ime i n t e r -  
v a l s  a re  among t h e  major uses o f  t h e  o s c i l l o -  
scope. 

There a re  f o u r  main p a r t s :  (1) t he  
cathode-ray tube and i t s  power supply,  (2) t he  
v e r t i c a l  d e f l e c t i o n  a m p l i f i e r ,  (3)  t he  h o r i -  
zon ta l  d e f l e c t i o n  a m p l i f i e r ,  and (4) t he  t ime-  
base generator .  A b l o c k  diagram i s  shown i n  
f i g u r e  4.22. 

The r o l e  o f  t h e  time-base generator  i s  
f a i r l y  i nvo l ved .  I n  o rde r  t o  d i s p l a y  f a i t h -  
f u l l y  a s i g n a l  t h a t  i s  a f u n c t i o n  o f  t ime,  t h e  
spot  o f  l i g h t  must t r a v e r s e  t h e  cathode-ray 
tube screen a t  a un i fo rm r a t e  from one s i d e  t o  
the  o the r  and then r e t u r n  t o  t h e  o r i g i n a l  s i d e  
as q u i c k l y  as poss ib le .  The vo l tage  t h a t  
causes t h i s  h o r i z o n t a l  sweep i s  generated by 
the  time-base generator.  The waveform i s  a 
ramp o r  "sawtooth" as shown i n  f i g u r e  4.23. 

The frequency o f  t he  ramp vo l tage  i s  
v a r i a b l e  so t h a t  waveforms o f  any frequency 

T I  HE - B A S E  
GENERATOR T R I G G E R  I N P U T  4 

F I G U R E  4.22 .  S I M P L I F I E D  BLOCK DIAGRAM OF A CATHODE-RAY O S C I L L O S C O P E .  
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FIGURE 4.23. WAVEFORM OF HORIZONTAL DEFLECTION VOLTAGE FROM TIME-BASE GENERATOR. 

~, I I 

w i t h i n  t h e  l i m i t s  o f  t he  osc i l l oscope  can be 
d isp layed.  The time-base generator has a 
c o n t r o l  t o  change the  frequency o f  t h e  ramp. 
How f a s t  t he  spot  moves across t h e  screen i s  
o f  i n t e r e s t  t o  t h e  opera tor ;  t h e r e f o r e ,  t h e  
f requency c o n t r o l  i s  u s u a l l y  l abe led  i n  sec- 
onds ( o r  f r a c t i o n s  o f  seconds) pe r  cent imeter .  

When the  frequency o f  t h e  t r a v e r s e  i s  
h i g h  enough, t h e  pe rs i s tence  o f  t he  phosphor- 
ous and t h e  r e t e n t i o n  c a p a b i l i t y  o f  t h e  human 
eye combine t o  make the  moving spot  appear as 
a s o l i d  l i n e  across the  screen. I f  a p e r i o d i c  
wave i s  a p p l i e d  t o  the  i n p u t  o f  t h e  v e r t i c a l  
a m p l i f i e r  and t h e  time-base generator i s  
p r o p e r l y  ad jus ted ,  t h e  waveform w i l l  be d i s -  
p layed as a s t a t i o n a r y  p a t t e r n  on the  cathode- 
r a y  tube screen. 

4 . 2 . 1  CALIBRATING THE OSCILLOSCOPE TIME BASE 

I f  the re  i s  much doubt as t o  t h e  accuracy 
o f  t h e  time-base genera tor ,  i t should be c a l i -  
b ra ted .  Use a s igna l  t h a t  i s  more accurate 

than t h e  time-base s i g n a l  be ing  measured. The 
c a l i b r a t i o n  i s  done i n  much t h e  same way as 
t h e  f requency measurement, b u t  i n  reverse. I f  
you have a c r y s t a l  o s c i l l a t o r  t h a t  operates i n  
t h e  same frequency range as t h e  sweep t ime 
base be ing  measured, proceed as fo l l ows :  

D isp lay  t h e  c a l i b r a t i o n  source s igna l  on 
t h e  screen, and a d j u s t  t h e  time-base sw i t ch  t o  
t h e  s e t t i n g  t h a t  should g i v e  one c y c l e  p e r  
cent imeter .  I f  t h e  source i s  100 kHz, f o r  
example, t h e  time-base s tep  sw i t ch  should be 
s e t  t o  10 microseconds/centimeter. I f  t h e  
time-base genera tor  i s  o f f  frequency, t he re  
w i l l  be more o r  l e s s  than one c y c l e  pe r  c e n t i -  
meter d i sp layed  on t h e  screen. Ad jus t  t h e  
v a r i a b l e  f requency c o n t r o l  o f  t h e  time-base 
genera tor  u n t i l  t h e  d i s p l a y  i s  c o r r e c t .  

The adjustment may o r  may n o t  h o l d  f o r  
o the r  p o s i t i o n s  o f  t h e  s tep  swi tch ,  so i t  i s  
b e s t  t o  r e c a l i b r a t e  each p o s i t i o n .  Many 
1 abora tory  osc i  11 oscopes have b u i  1 t-i n c a l  i- 
b r a t i o n  o s c i l l a t o r s  which can be used i n  t h e  
same way as an ex te rna l  frequency source. 
Refer t o  t h e  osc i l l oscope  manual f o r  d e t a i l s .  

I I 

I - I  I 
- 

FIGURE 4 .24 .  T I M E  BASE CALIBRATION HOOKUP USING AN EXTERNAL FREQUENCY SOURCE. 
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FIGURE 4.25. S I N E  WAVE DISPLAY AS V I E W E D  ON OSCILLOSCOPE. 

4.2.2 DIRECT MEASUREMENT OF FREQUENCY 

Suppose t h a t  we want t o  measure the  f r e -  
quency o f  a s ine  wave when i t  appears as shown 
i n  f i g u r e  4.25. By coun t ing  the  number o f  
cyc les  and t h e  number o f  sca le  d i v i s i o n s  
(cent imeters) ,  we see t h a t  f i v e  cyc les  occur 
i n  15.5 cent imeters.  Now we observe the  t ime-  
base generator  d i a l ,  f i r s t  making sure i t  i s  
i n  the  c a l i b r a t e d  mode. I f  the  d i a l  reads 0.1 
m i l l i s e c o n d  pe r  cent imeter ,  f o r  instance,  t h e  
f requency computat ion would be: 

A l t e r n a t i v e l y ,  we may d i v i d e  t h e  d i s p l a y  ( i n  
cyc les  pe r  cent imeter)  by the  time-base r a t e  
( i n  seconds pe r  cent imeter) :  

cyc les  . 2 - cyc les  g = Hz. cm cm cm S 

D i r e c t  f requency measurements w i t h  t h e  
o s c i l l o s c o p e  have an accuracy l i m i t  o f  about 5 
p a r t s  pe r  thousand. Accuracy o f  t h e  measure- 
ment i s  l i m i t e d  by t h e  a b i l i t y  o f  t he  opera to r  
t o  read  t h e  screen and by t h e  accuracy o f  t h e  
t i m e  base. I n  genera l ,  one should expect t o  
do no b e t t e r  than about 0.5%. S t i l l ,  i f  you 
want t o  know whether you are l o o k i n g  a t  60 Hz 
o r  120 Hz, o r  i f  you are checking a r a d i o  
c a r r i e r  f requency f o r  harmonics, t h e  accuracy 
i s  good enough. 

4.2.3 FREQUENCY COMPARISONS 

Unl i ke d i r e c t  f requency measurements, 
f requency comparisons w i t h  the  o s c i l l o s c o p e  
can e a s i l y  be made w i t h  a p r e c i s i o n  o f  one 
p a r t  pe r  m i l l i o n .  A p r e c i s i o n  o f  one p a r t  pe r  
100 m i l l i o n  o r  even one p a r t  p e r  b i l l i o n  can 
be achieved by us ing  e x t r a  equipment descr ibed 
1 a t e r .  

A. L i ssa jous  Pa t te rns  

The opt ica l -mechanica l  o s c i l l o g r a p h  was 
developed i n  1891, b u t  t h e  i dea  o f  a L i ssa jous  
p a t t e r n  i s  even o l  der,  hav ing been demonstra- 
t e d  by a French p ro fesso r  o f  t h a t  name i n  
1855. 

I f  we apply  a s i n e  wave s imul taneously  
t o  the  h o r i z o n t a l  and v e r t i c a l  i n p u t s  o f  an 
osc i l l oscope ,  the  spot  w i l l  move i n  some pa t -  
t e r n  t h a t  i s  a f u n c t i o n  o f  t h e  vo l tages on 
each i n p u t .  The s imp les t  L i ssa jous  p a t t e r n  
occurs i f  we connect t h e  ~ a m e  s ine  wave t o  
bo th  i npu ts .  The equipment hookup i s  shown 
i n  f i g u r e  4.26. The r e s u l t i n g  p a t t e r n  i s  a 
s t r a i g h t  l i n e .  Furthermore, i f  bo th  s i g n a l s  
a re  o f  t he  same ampl i tude, t he  l i n e  w i l l  be 
i n c l i n e d  a t  45O t o  t h e  h o r i z o n t a l .  

Pl 
A U D I O  

OSCILLATOR 

F I GURE 4.26. EQU I PMENT HOOKUP 
FOR A 1 : l  LISSAJOUS 
PATTERN. 

I f  the  i n p u t  s i g n a l s  are equal i n  ampl i -  
tude and 90' o u t  o f  phase, a c i r c u l a r  p a t t e r n  
r e s u l t s .  Other phase r e l a t i o n s h i p s  produce an 
e l l i p t i c a l  pa t te rn .  The phase d i f f e r e n c e  i n  
degrees between t h e  h o r i z o n t a l  s i n e  wave and 
t h e  v e r t i c a l  s ine  wave can be determined as 
shown i n  f i g u r e  4.27. 

The phase r e l a t i o n s h i p  between s i g n a l s  
t h a t  generate l i n e a r ,  c i r c u l a r ,  o r  e l l i p t i c a l  
p a t t e r n s  i s  g i ven  by: 

A 
B s i n  6 = -  , 
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FIGURE 4.27. E L L I P T I C A L  LISSAJOUS PATTERNS FOR TWO INDENTICAL FREQUENCIES 
OF DIFFERENT PHASE. 

RESULTANT IMAGE 
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5 :  4 Pat terns  

6 :  1 Pat te rns  

4 :  1 Pat terns  

8 :  3 Pat te rns  

7 : 2 pat terns 
9 :  2 Pa t te rns  

FIGURE 4.29. LISSAJOUS PATTERNS. 
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where e i s  t he  angle between the  two s i n e  
waves, and A and B are r e l a t i v e  d is tances 
measured a long the  v e r t i c a l  a x i s  o f  t he  t r a c e .  

The a c t u a l  de te rm ina t ion  o f  frequency 
r a t i o  i s  done i n  a s t r a i g h t f o r w a r d  manner. 
The number o f  loops touching,  o r  tangent  t o ,  a 
h o r i z o n t a l  l i n e  across t h e  top  o f  t he  p a t t e r n  
i s  counted. L ikewise the  number o f  loops 
tangent  t o  e i t h e r  the  r i g h t  o r  l e f t  s i de  i s  
counted. The frequency r a t i o  i s  then computed 
from the  formula 

where: f = 

f =  h 

T =  h 

T =  

V 

V 

t he  frequency o f  t he  v e r t i c a l  
d e f l e c t i o n  vo l tage,  

t he  frequency o f  t he  h o r i -  
zon ta l  d e f l e c t i o n  vo l tage,  

t he  number o f  loops tangent 
t o  the  h o r i z o n t a l  l i n e ,  and 

t h e  number o f  loops tangent 
t o  the  v e r t i c a l  l i n e .  

F igure 4.28 shows the  g raph ica l  const ruc-  
t i o n  o f  a 3 : l  p a t t e r n .  Note t h a t  t he  r a t i o  o f  
Th/TV i s  3 : l .  

L issa jous p a t t e r n s  become q u i t e  compl i -  
ca ted  when the  two f requencies are w ide ly  
separated. Some osc i l l og rams  f o r  h ighe r  
r a t i o s  are shown i n  f i g u r e  4.29. Two vers ions 
of  each p a t t e r n  a re  shown. Vers ion (A) i s  t he  
t y p i c a l  c losed- lobe p a t t e r n ,  and ve rs ion  (6) 
i s  t he  double image t h a t  r e s u l t s  i f  phase 
r e l a t i o n s  cause the p a t t e r n  t o  be f o l d e d  and 
e x a c t l y  superimposed upon i t s e l f .  

The usefu lness o f  L issa jous p a t t e r n s  
depends upon a number o f  t h ings .  Consider a 
1 : l  p a t t e r n .  If we are t r y i n g  t o  synchronize 
t w o  power generators  a t  60 Hz and our  p a t t e r n  
i s  changing through one complete c y c l e  every 
second, we have achieved synch ron iza t i on  t o  1 
Hz o r  about 1.7%--not very  good. I f  our 
f requency was 100 kHz, the  same change o f  one 
r e v o l u t i o n  pe r  second i n  our p a t t e r n  would 
g i v e  a r e s o l u t i o n  of 1 x Th is  shows 
t h a t  t h e  h ighe r  the  f requencies we are working 
w i t h ,  t he  b e t t e r  synch ron iza t i on  becomes. 

I n  comparing o r  synchroniz ing p r e c i s i o n  
o s c i l l a t o r s ,  a frequency m u l t i p l i e r  may be 
use fu l .  Every t ime  our s i g n a l s  a re  m u l t i p l i e d  
i n  f requency by a f a c t o r  o f  ten,  t he  p r e c i s i o n  
o f  measurement improves by a f a c t o r  o f  ten.  
When the  two s i g n a l s  are m u l t i p l i e d  and then 
f e d  t o  a phase de tec to r ,  they produce a low- 
f requency s i g n a l  equal t o  the  d i f f e r e n c e  i n  
h e r t z  between our two m u l t i p l i e d  s i g n a l s .  
Th i s  d i f f e r e n c e  s i g n a l ,  A f .  may then be com- 
pared v i a  L i ssa jous  p a t t e r n  aga ins t  t h e  s ine  
wave f r o m  a p r e c i s i o n  low-frequency o s c i l -  
l a t o r .  

I f  we again use two 100-kHz s i g n a l s  as an 
example b u t  m u l t i p l y  t h e i r  f requencies t o  100 
MHz be fo re  comparing them, we achieve a mea- 
surement p r e c i s i o n  o f  l x Th is  arrange- 
ment i s  shown i n  f i g u r e  4.30. 

The phase de tec to r  may be a double- 
balanced mixer  o f  t he  type shown i n  f i g u r e  
4.31. These mixers are a v a i l a b l e  com- 
merc ia l  ly. 

Another system f o r  comparing two o s c i l -  
l a t o r s  i s  i n d i c a t e d  i n  f i g u r e  4.32. A phase- 
e r r o r  m u l t i p l i e r  increases the  phase o r  f r e -  
quency d i f f e r e n c e  between the  o s c i l l a t o r s  by 
some f a c t o r ,  say 1000, w i t h o u t  frequency 

1 0 0 1 4 ~ ~  
M U L T I P L I E R  

, 

O S C I L L A T O R  
1 0 0 0  AF 

C A L I B R A T E D  
LOW F R E Q U E N C Y  L I  O S C I L L A T O R  F o = ' l - T  

F I G U R E  4.30. ARRANGEMENT FOR MEASURING SMALL FREQUENCY DIFFERENCES 
W I T H  OSCILLOSCOPE AND FREQUENCY M U L T I P L I E R S .  
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FIGURE 4.31. DOUBLE-BALANCED M I X E R .  
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FIGURE 4.32. ARRANGEMENT FOR FREQUENCY COMPARISON USING 
OSCILLOSCOPE AND PHASE-ERROR MULTIPLIER. 

m u l t i p l i c a t i o n .  The ou tpu t  from t h e  phase- 
e r r o r  m u l t i p l i e r  can be connected d i r e c t l y  t o  
t h e  osc i l l oscope .  The r e s u l t i n g  L i ssa jous  
p a t t e r n  w i l l  a l l o w  o s c i l l a t o r  synch ron iza t i on  
w i t h  t h e  same p r e c i s i o n  as p rov ided  by t h e  
f requency m u l t i p l i e r  technique. I f  care  i s  
taken, c a l i b r a t i o n s  w i t h  e r r o r s  as smal l  as 
1 x o r  1 x 10 - lo  can be accomplished. 

A p r i n c i p a l  use o f  t he  1 : l  L issa jous  
p a t t e r n  i s  f o r  synch ron iza t i on  o f  o s c i l l a t o r  
f requenc ies .  I f  t h e  p a t t e r n  i s  d r i f t i n g ,  no 
ma t te r  how s low ly ,  i t  means t h a t  a f requency 
d i f f e r e n c e  e x i s t s  between t h e  o s c i l l a t o r s .  
N e i t h e r  t h e  osc i l l oscope  nor  t h e  opera to r  can 
t e l l  which o s c i l l a t o r  i s  a t  t h e  h ighe r  f r e -  
quency. The L issa jous  p a t t e r n  i s  t h e  same 
regard less  o f  which f requency i s  h igher .  What 
can be done, though, i s  t o  s l i g h t l y  change t h e  
frequency o f  one o f  t h e  o s c i l l a t o r s .  I f  t h e  
r a t e  o f  p a t t e r n  d r i f t  inc reases  when t h e  f r e -  
quency o f  o s c i l l a t o r  #1 i s  ra i sed ,  then o s c i l -  
l a t o r  #1 i s  a t  a h ighe r  f requency than o s c i l -  
l a t o r  #2. The oppos i te  happens i f  t h e  p a t t e r n  
d r i f t  slows down when t h e  frequency o f  o s c i l -  
l a t o r  #1 i s  increased. 

C a l i b r a t i o n  o f  v a r i a b l e  o s c i l l a t o r s  such 
as rf s i g n a l  genera tors  and audio o s c i l l a t o r s  
i s  e a s i l y  done us ing  L issa jous  p a t t e r n s  o f  
h ighe r  than 1 : l  r a t i o .  F igu re  4.33 shows a 

method o f  c a l i b r a t i n g  an rf s i g n a l  genera tor  
us ing  a f i x e d  100-Hz frequency source. 

S t a r t i n g  w i t h  a 1 : l  L i ssa jous  p a t t e r n  
between t h e  standard o s c i l l a t o r  and t h e  s i g n a l  
genera tor ,  mark t h e  c a l i b r a t i o n  p o i n t s  on t h e  
genera tor  d i a l  each t ime  t h e  p a t t e r n  becomes 
s t a t i o n a r y  as t h e  d i a l  i s  turned. Each 
s t a t i o n a r y  p a t t e r n  represents  a d e f i n i t e  
f requency r a t i o  which can be eva lua ted  by  one 
o f  t h e  methods exp la ined p r e v i o u s l y .  Pa t te rns  
o f  r a t i o s  up t o  20: 1 can be recogn ized i f  t h e  
s i g n a l  genera tor  i s  s t a b l e  enough. 

I 
R F  SIGNAL 
GENERATOR 

J 

FIGURE 4.33. ARRANGEMENT FOR CALIBRATING 
A SIGNAL GENERATOR. 
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If t h e  o s c i l l a t o r  has a base frequency o f  
1 MHz w i t h  i n t e r n a l  d i v i d e r s  t o  100 kHz, c a l i -  
b r a t i o n  p o i n t s  can be found on t h e  s i g n a l  
genera tor  d i a l  every 100 kHz from 0.1 MHz t o  2 
MHz and every 1000 kHz from 2 MHz t o  20 MHz. 
Th is  range i s  adequate f o r  many r f  s i g n a l  
generators.  M u l t i p l i e r s  can be used t o  extend 
t h e  markers i n t o  t h e  VHF range i f  necessary, 
b u t  t h e  c a l i b r a t i o n  p o i n t s  w i l l  be f a r t h e r  
apa r t .  

Not much can be l ea rned  from a d r i f t i n g  
p a t t e r n  o f  h i g h  r a t i o ,  and even t h e  s t a t i o n a r y  
p a t t e r n  may be confus ing .  A complete r o t a t i o n  
o f  t h e  p a t t e r n  i n  one second means a 1-Hz 
d e v i a t i o n  by t h e  h ighe r  f requency no ma t te r  
what t h e  r a t i o .  But  f o r  r a t i o s  o the r  than  
1:1, t h e  change i n  t h e  lower  f requency i s  n o t  
as g rea t .  

Wi th  a 1O:l p a t t e r n ,  f o r  ins tance,  a 
d r i f t  o f  one r e v o l u t i o n  p e r  second cou ld  mean 
t h a t  t h e  h ighe r  f requency i s  o f f  by  1 Hz, o r  
i t  cou ld  mean t h a t  t h e  lower  f requency i s  o f f  
by  0.1 Hz. Unless one o f  t h e  two f requenc ies  
i s  assumed t o  be accura te ,  t h e r e  i s  no way o f  
t e l l i n g  f rom t h e  L issa jous  p a t t e r n  which 
f requency i s  i n  e r r o r .  Only t h e i r  r e l a t i v e  
d i f f e r e n c e  can be measured by t h i s  method (see 
Chapter 3). 

3 T 
OSCILLATOR 

6. Sweep Frequency C a l i  b r a t i o n :  

FREQUENCY 
REFERENCE 

An A l t e r n a t i v e  Method 

Most frequency comparisons made i n  a 
standards l a b o r a t o r y  a re  between o s c i l l a t o r s  
t h a t  have ve ry  smal l  f requency d i f f e rences .  A 
1 : 1 L issa jous  p a t t e r n  between osc i  1 l a t o r s  
hav ing  a r e l a t i v e  f requency d i f f e r e n c e  o f  1 x 
10- l1  would take  over a day i f  t h e  comparison 
were made a t  1 MHz! There a re  f a s t e r  ways t o  
measure t h e  rate of change on t h e  o s c i l l o -  
scope. These methods a l l o w  t h e  d i f f e r e n c e  
frequency t o  be determined i n  much s h o r t e r  
t imes than i s  p o s s i b l e  w i t h  a s low moving 
L i  ssajous pa t te rn .  

The ou tpu t  wave o f  an o s c i l l a t o r  t o  be 
measured i s  d i sp layed  on t h e  osc i l l oscope .  
Next, t h e  osc i l l oscope  sweep frequency o s c i l -  
l a t o r  i s  c a l i b r a t e d .  Now, i f  t h e  osc i l l oscope  
i s  t r i g g e r e d  by a re fe rence o s c i l l a t o r ,  t h e  
p a t t e r n  o r  waveform w i l l  appear t o  s tand s t i l l  
i f  t h e  f requenc ies  o f  t h e  two o s c i l l a t o r s  a re  
n e a r l y  equal .  A c t u a l l y ,  t h e  p a t t e r n  w i l l  
s l o w l y  d r i f t .  The r a t e  o f  d r i f t  i n  microsec- 
onds p e r  day depends on t h e  f requency d i f f e r -  
ence between the  o s c i l l a t o r s .  The d i r e c t i o n  
o f  d r i f t  t e l l s  us which o s c i l l a t o r  i s  h i g h  o r  
low i n  f requency w i t h  respec t  t o  t h e  o the r .  

When a s i n e  wave o f  an o s c i l l a t o r  f r e -  
quency i s  d i sp layed  and t h e  osc i l l oscope  i s  
t r i g g e r e d  by a re fe rence o s c i l l a t o r ,  t h e  
movement o f  t h e  p a t t e r n  can be used f o r  c a l i -  

b r a t i o n .  Th is  p a t t e r n  w i l l  move t o  the  l e f t  
o r  r i g h t  if t h e  unknown frequency i s  h i g h  
o r  low w i t h  respec t  t o  the  re fe rence o s c i l -  
l a t o r .  The ques t i on  i s ,  how f a s t  i s  t h e  
p a t t e r n  moving? How many microseconds i s  i t  
moving i n  how many hours o r  days? Remember, 
t h e  sweep i s  c a l i b r a t e d  i n  microseconds o r  
m i l l i seconds  p e r  cent imeter .  

One cou ld  make a measurement o f  t h e  
p a t t e r n  p o s i t i o n  a t ,  say, 10:05 am, then come 
back a t  2:30 pin f o r  another look .  Suppose i n  
t h e  meantime, i t  moves e x a c t l y  t h r e e  c e n t i -  
meters and t h e  sweep speed i s  s e t  a t  one 
microsecond pe r  cent imeter .  What does t h i s  
t e l l  us? 

ELAPSED TIME = 

- - 

PHASE DRIFT 

2:30 pm - 10:05 am 

4 hours 25 minutes = 0.184 day. 

3.00 cm x 1 . O O  ps/cm 

0.184 day 
RATE = 

= 16.3 ps/day. 

Th is  r e s u l t  t e l l s  us how much ou r  
l a t o r  moved i n  t ime  (16.3 microseconds) 
an i n t e r v a l  o f  one day. The r e s u l t  i s  
form At/T (see Chapter 3 f o r  a f u r t h e r  
na t ion) .  Expressed as a numeric, A t i T  
x 10 - lo  s ince  t h e r e  a re  86,400 x l o 6  
seconds i n  a day. 

o s c i l -  
d u r i n g  
i n  t h e  
exp l  a- 
= 1.89 
micro- 

We can r e l a t e  t h i s  t o  a f requency nota- 
t i o n  because Chapter 3 t e l l s  us t h a t  

A t  - nf - - _  
T f  

For t h i s  o s c i l l a t o r ,  t h e  r e l a t i v e  f requency, 
F = A f / f  = -1.89 x 10-l'. The negat ive  s i g n  
t e l l s  us t h a t  t h e  measured frequency was lower 
than i t s  nominal value. I n  t h i s  case, i t  i s  
assumed t h a t  t h e  re fe rence frequency i s  equal 
t o  i t s  nominal value. N o t i c e  a l s o  t h a t  t h e  
osc i  1 loscope has performed a measurement much 
l i k e  t h e  t ime i n t e r v a l  counter  mentioned 
e a r l i e r  i n  t h i s  chapter.  

FIGURE 4.34. VIEWING FREQUENCY DRIFT 
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4.2.4 TIME INTERVAL MEASUREMENTS 

T ime- in te rva l  measurements a re  q u i t e  easy 
t o  perform w i t h  the  osc i l l oscope .  Usua l l y ,  
one t i m e  pu l se  i s  d i sp layed  on the  screen 
w h i l e  a d i f f e r e n t  t ime pu lse  i s  used t o  t r i g -  
ger  the  osc i l l oscope .  Another method i s  t o  
d i s p l a y  bo th  t ime pulses on a dua l - t race  
scope. T r i g g e r i n g  can be achieved f r o m  e i t h e r  
o f  t h e  two d i sp layed  pulses o r  f rom a t h i r d  
t i m e  pulse.  An ad jus tab le  r a t e  d i v i d e r  i s  
handy f o r  t h i s  purpose. 

A p o i n t  wor th  remembering i s  t h a t  t h e  
accuracy o f  t he  t i m e - i n t e r v a l  measurement i s  
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  l e n g t h  o f  t he  
i n t e r v a l .  I f  the  t ime pulses a re  10 m i l l i -  
seconds apar t ,  f o r  instance,  t he  measurement 
can be performed t o  probably  no b e t t e r  than 
f 50 microseconds. But i f  the  pulses are o n l y  
100 microseconds apar t ,  t he  measurement can be 
performed w i t h  an accuracy o f  -+ 0.5 microsec- 
ond. I n  bo th  cases, however, t h e  r e l a t i v e  
u n c e r t a i n t y  i s  t he  same ( 2  5 p a r t s  i n  l o 3 ) .  

F o r  t ime pulses spaced c l o s e  toge the r ,  
t he  pu lse  w i d t h  may occupy an apprec iab le 
pe rcen t  o f  t he  t ime i n t e r v a l ;  t h e r e f o r e ,  l a r g e  
e r r o r s  can be i n t roduced  by hav ing t h e  wrong 
t r i g g e r  s lope o r  improper t r i g g e r  ampl i tude. 
Unless care i s  taken by the  opera to r ,  such 
e r r o r s  can n u l l i f y  t h e  accuracy t h a t  i s  o the r -  

IC6 
NEON LAMP 

RF VOLTMETER 

t 
w 

SECONDARY WINDING 
WITH LAMP 

wise a t t a i n a b l e  i n  the  measurement o f  b r i e f  
t ime i n t e r v a l s .  

The main advantage i n  us ing  an o s c i l l o -  
scope f o r  t ime i n t e r v a l  measurements i s  t h a t  
one can see the  p u l s e  waveform. For t h i s  
reason, t ime  i n t e r v a l s  between odd-shaped o r  
no i sy  pu lses a re  b e t t e r  measured w i t h  the  
o s c i l l o s c o p e  than w i t h  o t h e r  types o f  i n s t r u -  
ments. T ime i n t e r v a l s  i n  t h e  submicrosecond 
range can be measured e a s i l y  and economical ly  
w i t h  h igh-  f requency o s c i  1 1 oscopes , b u t  1 ong 
i n t e r v a l s  a re  more a c c u r a t e l y  measured w i t h  an 
e l e c t r o n i c  counter ,  as descr ibed e a r l i e r .  
Always r e f e r  t o  your  o s c i l l o s c o p e  manual; it 
con ta ins  a d d i t i o n a l  u s e f u l  i n fo rma t ion .  

4 .3 WAVEMETERS 

A wavemeter i s  an a d j u s t a b l e  c i r c u i t  t h a t  
can be made t o  resonate over a range o f  f r e -  
quencies as i n d i c a t e d  on a c a l i b r a t e d  d i a l .  
The d i a l  may be marked i n  u n i t s  o f  f requency 
o r  wavelength. A t y p i c a l  wavemeter covers a 
f requency range on the  o rde r  o f  one octave. 
Resonance i s  detected by observ ing the  re -  
sponse o f  a meter o r  o t h e r  dev ice i nco rpo ra ted  
i n t o  the  measuring inst rument  o r  by n o t i n g  a 
d i s tu rbance  i n  t h e  system under t e s t .  

INCANDESCENT LAMP 

THERMOCOUPLE 
MILLIAMMETER 

SECONDARY WINDING 
WITH METER 

FIGURE 4.35. WAVEMETER RESONANCE INDICATORS. 
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FIGURE 4.36. BLOCK DIAGRAM OF HETERODYNE FREQUENCY METER 

Wavemeters a re  sometimes c l a s s i f i e d  as 
t ransmiss ion  types o r  as abso rp t i on  types 
depending on t h e  way they  a re  connected t o  t h e  
f requency source be ing  checked. A t rans -  
miss ion- type wavemeter has connectors a t  b o t h  
i n p u t  and ou tpu t  ends so i t  can be p u t  i n t o  
t h e  c i r c u i t  under t e s t .  An absorp t ion- type 
( o r  reac t i on - t ype )  meter, on t h e  o t h e r  hand, 
i s  designed f o r  loose coup l i ng  v i a  t h e  e lec -  
t romagnet ic  f i e l d  o f  t h e  f requency source. 

The s imp les t  LC absorp t i on  wavemeter f o r  
measuring r a d i o  f requenc ies  c o n s i s t s  o f  a c o i l  
and a v a r i a b l e  c a p a c i t o r  i n  se r ies .  The 
c a p a c i t o r  s h a f t  has a c a l i b r a t e d  d i a l  so t h e  
resonant f requency o f  t h e  LC c i r c u i t  can be 
read o f f  as t h e  c a p a c i t o r  i s  ad jus ted .  

The simple wavemeter i s  used by h o l d i n g  
i t  near t h e  frequency source be ing  measured. 
I t  i s  then tuned w h i l e  watching f o r  a sharp 
r e a c t i o n  by t h e  source. The frequency i s  read 
from t h e  c a l i b r a t e d  d i a l .  The r e a c t i o n  i s  
caused by t h e  abso rp t i on  o f  a smal l  amount of 
r f  energy f rom t h e  source by t h e  wavemeter 
when t h e  two are  a t  t he  same frequency. I n  
measuring t h e  frequency o f  a smal l  t r ansmi t -  
t e r ,  one migh t  l o o k  f o r  a f l i c k e r  i n  t h e  power 
stage c u r r e n t  as t h e  wavemeter i s  tuned 
th rough resonance. Because o f  t h e  loose 
coup l i ng  and the  smal l  power consumed by t h e  
wavemeter, t h e  energy taken from high-power 
sources migh t  go unnot iced; t h e r e f o r e ,  an 
i n d i c a t o r  i s  bu i  1 t i n t o  t h e  wavemeter i t s e l f .  

A smal l  lamp i s  sometimes used w i t h  t h e  
wavemeter f o r  rough measurements o f  frequen- 
c i e s  a t  h i g h  power l e v e l s .  A neon lamp i n  
p a r a l l e l  w i t h  t h e  wavemeter's tuned c i r c u i t  o r  
an incandescent lamp i n  s e r i e s  w i th  the  tuned 
c i r c u i t  w i l l  glow i f  enough power i s  absorbed 
from t h e  frequency source. B e t t e r  measure- 
ments can be made i f  the  lamp i s  rep laced by a 
meter. F igu re  4.35 dep ic t s  i n d i c a t o r  arrange- 
ments used w i th  abso rp t i on  wavemeters. 

I n  ope ra t i on ,  t h e  wavemeter i s  tuned f o r  
maximum b r i l l i a n c e  o f  t h e  lamp o r  f o r  peak 

d e f l e c t i o n  o f  t h e  meter. A resonance i n d i -  
c a t o r  i n  s e r i e s  w i t h  t h e  tuned c i r c u i t  must 
have ve ry  low impedance so as n o t  t o  degrade 
t h e  Q ( f r a c t i o n a l  l i n e w i d t h ) ,  and hence t h e  
r e s o l u t i o n ,  o f  t h e  wavemeter. An i n d i c a t o r  
connected across t h e  tuned c i r c u i t  must have a 
h i g h  impedance f o r  t h e  same reason. The 
resonant elements themselves shou ld  e x h i b i t  
t h e  lowest  losses  poss ib le ,  s ince  t h e  accuracy 
w i t h  which frequency can be measured by these 
means i s  ma in ly  dependent on t h e  Q o f  t h e  
tuned c i r c u i t .  

4.4 HETERODYNE FREQUENCY METERS 

The heterodyne frequency meter i s  bas ic -  
a l l y  a mixer,  one i n p u t  o f  which i s  d r i v e n  by 
a re fe rence s i g n a l  f rom a se l f - con ta ined ,  
c a l i b r a t e d ,  tunab le  o s c i l l a t o r .  It a l s o  
i nc ludes  an audio a m p l i f i e r  w i t h  means f o r  
ope ra t i ng  a zero-beat i n d i c a t o r ,  such as 
headphones, an ac vo l tmeter ,  o r  an o s c i l l o -  
scope. U t i l i z i n g  t h e  f a m i l i a r  heterodyne 
p r i n c i p l e ,  i t  compares t h e  i n t e r n a l  o s c i l l a t o r  
f requency w i t h  t h e  unknown frequency o f  an 
ex te rna l  source. 

The unknown s igna l  i s  a p p l i e d  through t h e  
i n p u t  t e rm ina ls  t o  t h e  mixer  stage, where i t  
combines w i t h  t h e  re fe rence s i g n a l  t o  produce 
a bea t  note. The i n t e r n a l  o s c i l l a t o r  i s  then 
c a r e f u l l y  tuned f o r  a zero  beat.  I t s  f r e -  
quency i s  then read d i r e c t l y  f rom t h e  c a l i -  
b ra ted  t u n i n g  d i a l .  I f  the  unknown frequency 
f a l l s  w i t h i n  t h e  fundamental t u n i n g  range o f  
t h e  o s c i l l a t o r ,  i t s  va lue  w i l l  be t h e  same as 
t h e  o s c i l l a t o r  f requency under t h e  zero-beat 
cond i t i ons .  

Because t h e  non l i nea r  mixer  g ives  r i s e  t o  
harmonics, i t  i s  a l s o  p o s s i b l e  t o  d e t e c t  bea t  
notes between t h e  fundamental o f  one s i g n a l  
and harmonics o r  subharmonics o f  t he  o the r .  
I f  t h e  frequency o f  t h e  ex te rna l  s i g n a l  
matches a known harmonic o f  t h e  o s c i l l a t o r  
fundamental, t h e  d i a l  s e t t i n g  must be 
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FIGURE 4.37. ARRANGEMENT FOR CHECKING TRANSMITTING FREQUENCY 
WITH HETERODYNE FREQUENCY METER AND RECEIVER. 

m u l t i p l i e d  by the  approp r ia te  harmonic number 
N. On the  o t h e r  hand, i f  the  unknown frequency 
equals a subharmonic, t he  d i a l  read ing  must be 
d i v i d e d  by N. Thus, from a knowledge o f  har-  
monic r e l a t i o n s ,  heterodyne measurements can 
be made o f  f requencies f a r  above o r  below t h e  
fundamental t u n i n g  range o f  t he  f requency 
meter. 

F igu re  4.36 shows t h e  b l o c k  diagram o f  a 
b a s i c  heterodyne frequency meter. The i n t e r -  
na l  va r iab le - f requency  o s c i l l a t o r  must have 
good s t a b i l i t y .  Th is  c a l l s  f o r  c lose  tempera- 
t u r e  r e g u l a t i o n ,  complete s h i e l d i n g ,  and rug- 
ged cons t ruc t i on .  The o s c i l l a t o r  should a l s o  
be tho rough ly  b u f f e r e d  t o  reduce frequency- 
p u l l i n g  tendencies when s t r o n g  s i g n a l s  a re  
a p p l i e d  from the  ex te rna l  source, o r  when 
o t h e r  f a c t o r s  would cause the  o s c i l l a t o r  l oad  
t o  change. 

Some heterodyne meters are equipped w i t h  
a whip antenna so the  i n t e r n a l  o s c i l l a t o r  
s i g n a l  can be r a d i a t e d  over s h o r t  d is tances.  
For checking the  f requencies o f  t r a n s m i t t e r s  
o r  o the r  high-power sources, a safe method i s  
t o  tune i n  t h e  t r a n s m i t t e r  w i t h  a r a d i o  
r e c e i v e r  and then a d j u s t  t he  f requency meter 
u n t i l  a zero bea t  i s  heard through t h e  
r e c e i v e r ' s  loudspeaker. The unknown frequency 
can be measured j u s t  as though i t  w e r e  coupled 
d i r e c t l y  t o  the  frequency meter. 

The o v e r a l l  accuracy o f  measurement 
depends on the  c a l i b r a t i o n  accuracy o f  t he  
tunab le  o s c i l l a t o r  and t h e  r e s o l u t i o n  a t t a i n -  
ab le  through the  zero-beat process. A t  h igh  
f requencies,  t he  e r r o r  i n t roduced  by imper fec t  
zero-beat d e t e c t i o n  can be ignored. Provided 
the  temperature i s  kept  n e a r l y  constant ,  t he  
va r iab le - f requency  o s c i l l a t o r  may r e t a i n  i t s  
accuracy w i t h i n  0.1% over l ong  pe r iods  o f  t ime  
w i t h o u t  r e c a l i b r a t i o n .  

M o s t  heterodyne meters con ta in  a s t a b l e  
qua r t z  c r y s t a l  o s c i l l a t o r  f o r  use i n  gener- 
a t i n g  markers a t  f i x e d  check p o i n t s  on the  

t u n i n g  d i a l .  By checking the  d i a l  c a l i b r a t i o n  
a t  t h e  p o i n t  nearest  t h e  f requency t o  be 
measured, i t  i s  p o s s i b l e  t o  achieve an accu- 
racy  approaching one p a r t  pe r  m i l l i o n  a f t e r  
t h e  inst rument  has reached a s t a b l e  ope ra t i ng  
temperature. 

Heterodyne frequency meters combine wide 
frequency coverage w i t h  good accuracy i n  a 
p o r t a b l e  inst rument .  They can be obta ined f o r  
ope ra t i ng  over fundamental frequency ranges 
from approx imate ly  100 kHz t o  200 MHz. Accu- 
racy  v a r i e s  from about 0.01% a t  low frequen- 
c i e s  t o  0.00025% o r  b e t t e r  a t  very  h i g h  f r e -  
quencies. Harmonics up t o  3 GHz may be gen- 
e ra ted  w i t h  a p r e c i s i o n  o f  1 x 

Because they are tunab le  devices,  t he  
heterodyne frequency meters o f f e r  b e t t e r  no i se  
immunity and s i g n a l  s e n s i t i v i t y  than wideband 
inst ruments such as osc i l l oscopes  and count-  
ers .  The heterodyne meter i s  one o f  t he  most 
u s e f u l  o f  a l l  frequency-measuring inst ruments 
f o r  checking t r a n s m i t t e r  f requencies,  f o r  
c a l i b r a t i n g  rf s i g n a l  generators ,  and f o r  
o t h e r  a p p l i c a t i o n s  which do n o t  r e q u i r e  a h i g h  
degree o f  s i g n a l  p u r i t y .  

4.5 DIRECT-READING ANALOG FREQUENCY METERS 

Analog frequency meters operate by t rans -  
forming the  unknown frequency i n t o  a d i f f e r e n t  
p h y s i c a l  quan t i t y - - such  as vo l tage  o r  c u r r e n t  
ampl i tude--which can be measured d i r e c t l y  by 
convent ional  inst ruments.  Thus, t h e  ou tpu t  
i n d i c a t o r  might  be an o r d i n a r y  mi l l iammeter  
whose def  1 e c t i  on i s somehow made p r o p o r t i o n a l  
t o  the  i n p u t  frequency. 

4 .5.1 ELECTRONIC AUDIO FREQUENCY METER 

A meter- type inst rument  t h a t  reads d i r -  
e c t l y  i n  audio f requency u n i t s  and r e q u i r e s  no 
manipulat ions o f  any k i n d  i s  shown i n  f i g u r e  
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4.38. The i n p u t  s i g n a l  i s  shaped i n t o  a rec -  
t a n g u l a r  waveform, d i f f e r e n t i a t e d ,  r e c t i f i e d ,  
and then a p p l i e d  t o  a mi l l iammeter .  The 
c u r r e n t  sp ikes have the  same frequency as t h e  
i n p u t  s i g n a l ;  b u t  s ince  t h e i r  peak ampl i tude 
i s  constant ,  t he  meter d e f l e c t i o n  i s  propor-  
t i o n a l  o n l y  t o  t h e  number o f  sp ikes t h a t  occur 
p e r  u n i t  o f  t ime. D e f l e c t i o n ,  t h e r e f o r e ,  i s  
determined by t h e  f requency o f  t h e  i n p u t  
s i g n a l  so t he  meter sca le  can be c a l i b r a t e d  
d i r e c t l y  i n  he r t z .  

Operat ion o f  t he  inst rument  i s  no more 
compl icated than the  opera t i on  o f  an e lec-  
t r o n i c  vo l tmeter .  Besides i t s  s i m p l i c i t y  o f  
operat ion,  t he  inst rument  has an a d d i t i o n a l  
advantage i n  t h a t  frequency i n d i c a t i o n s  are 
independent o f  bo th  waveform and amp1 i tude o f  
t h e  i n p u t  s i g n a l  over ve ry  wide l i m i t s .  I t s  
o v e r a l l  accuracy i s  comparable t o  t h a t  o f  t he  
meter movement, t y p i c a l l y  1 t o  5 percent .  

A 

4.5.2 R A D I O  FREQUENCY METER 

B 0 
I M H z  0 .1  MHz 10 k H z  1 k H z  

The opera t i ng  range o f  t he  audio frequen- 
c y  meter may be extended t o  the  VHF r e g i o n  or 
h i g h e r  by adding a s e r i e s  o f  decade frequency 
s c a l e r s  ahead o f  t he  inst rument .  F igu re  4.39 
shows a diagram o f  such a dev ice which i s  

1 M H Z  
X T A L  
o s c  

T U N I N G  M E T E R  T U N I N G  M E T E R  

i 1 0  i 1 0  5 1 0  

capable o f  measuring r a d i o  f requencies up t o  
50 MHz d i r e c t l y .  

The audio frequency meter i s  preceded by 
f o u r  mixer  stages, each e x c i t e d  by a s igna l  
de r i ved  from a s tandard 1 MHz c r y s t a l  o s c i l -  
l a t o r .  The i n j e c t i o n  frequency f o r  t h e  f i r s t  
mixer  cons is t s  o f  t he  25th t o  the  49th har-  
monic of 1 MHz as determined by t h e  t u n i n g  o f  
harmonic s e l e c t o r  A. 

The d i f f e r e n c e  between the  i n p u t  frequen- 
cy and the  se lec ted  harmonic i s  then a p p l i e d  
t o  a second mixer ,  where i i  i s  heterodyned 
aga ins t  a subharmonic o f  1 MHz as determined 
by t h e  t u n i n g  o f  harmonic s e l e c t o r  B. The 
process cont inues u n t i l  t h e  i n p u t  frequency i s  
e v e n t u a l l y  reduced t o  a va lue t h a t  f a l l s  
w i t h i n  range o f  t he  d i r e c t - r e a d i n g  audio 
meter. 

The inst rument  i s  operated by manually 
t u n i n g  each harmonic s e l e c t o r  and mixer  i n  
succession f o r  peak d e f l e c t i o n  on the  associ -  
a ted  t u n i n g  meter. Each harmonic s e l e c t o r  
d i a l  i s  c a l i b r a t e d  so t h a t  t he  i n p u t  frequency 
can be read d i r e c t l y  from t h e  d i a l  s e t t i n g s  i n  
con junc t i on  w i t h  the  read ing  o f  the audio 
meter. For example, i f  optimum t u n i n g  occurs 
when d i a l  A i s  s e t  a t  32, d i a l  B i s  a t  7, d i a l  
C i s  a t  5, d i a l  D i s  a t  9,  and the  audio meter 

l U N I N G  M E T E R  T U N I N G  M E T E R  

T U N A B L E  
M I X E R  I N P U T  

I 

F I G U R E  4 .39 .  D IRECT-READING R A D I O  FREQUENCY METER. 
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i s  read ing  170, then the  i n p u t  f requency i s  
32.759170 MHz. Typ ica l  accuracy o f  t h e  
ins t rument  w i t h  an analog audio meter i s  
5 x a t  VHF. I f  t h e  audio meter i s  re -  
p laced by an e l e c t r o n i c  d i g i t a l  counter ,  t h e  
accuracy may be improved t o  2 x o r  
b e t t e r .  

I N P U T  - 
FX 

I N P U T  - 

4.6 FREQUENCY COMPARATORS 

1 
OC VOLTMETER 
C A L I B R A T E D  I N  FREQUENCY 

PHASE ERROR 
N U L T I P L I E R  

X I O '  T O  x104  
* D I S C R I M I N A T O R  

Frequency comparators a re  v e r s a t i  1 e 
dev ices  f o r  making frequency measurements and 
comparisons. These ins t ruments  combine phase 
e r r o r  m u l t i p l i e r s ,  phase de tec to rs ,  i n t e g r a t e d  
c i r c u i t s  and frequency m u l t i p l i e r s  i n t o  use fu l  
and accura te  l a b o r a t o r y  a ids .  The b l o c k  
diagram o f  t h i s  ins t rument  i s  shown i n  f i g u r e  
4.40. The h e a r t  o f  t h e  frequency comparator 
i s  a v a r i a b l e - m u l t i p l i c a t i o n  phase e r r o r  
m u l t i p l i e r  o f  spec ia l  design. 

The phase e r r o r  m u l t i p l i e r ,  l i k e  a l l  
e l e c t r o n i c  devices,  i s  sub jec t  t o  noise.  
Through each stage o f  e r r o r  m u l t i p l i c a t i o n ,  
t h e  no ise  a t  t h e  i n p u t  i s  amp l i f i ed .  Even- 
t u a l l y  t h e  no ise  o u t  o f  t h e  phase e r r o r  m u l t i -  
p l i e r  would be s t ronger  than t h e  s i g n a l ,  so t o  
ma in ta in  a use fu l  s igna l - to -no ise  r a t i o  t h e  
m u l t i p l i c a t i o n  i s  u s u a l l y  l i m i t e d  t o  10,000. 

Probably t h e  most impor tan t  p a r t  o f  t h i s  
ins t rument  i s  t he  f requency d i s c r i m i n a t o r  
which i s  based on a t u n e d - c i r c u i t .  The ou tpu t  
i s  a dc vo l tage  p r o p o r t i o n a l  t o  the  d i f f e r e n c e  
between t h e  frequency o f  t h e  d i s c r i m i n a t o r  
i n p u t  s i g n a l  and t h e  resonant f requency o f  t h e  
tuned c i r c u i t .  The Q of  t h e  tuned c i r c u i t  
determines t h e  s e n s i t i v i t y  o f  t h e  d i s c r i m i -  
n a t o r .  

As an example of t h e  Q requ i red ,  cons ider  
a d i s c r i m i n a t o r  ope ra t i ng  a t  1 MHz w i t h  an 
e r r o r  m u l t i p l i c a t i o n  o f  10,000. I f  t h e  com- 
p a r a t o r  i s  t o  respond t o  a frequency d i f f e r -  
ence o f  1 p a r t  i n  t h e  d i s c r i m i n a t o r  w i l l  
have t o  d e t e c t  a f requency d i f f e r e n c e  o f  A f  = 

corresponds t o  1% o f  f u l l - s c a l e  meter de f l ec -  
t i o n ,  t h e  bandwidth o f  t h e  d i s c r i m i n a t o r  must 
be 100 x 0.01 Hz = 1 Hz. Th is  requ i res  a Q o f  

10-12 x 104 x 106 HZ = 0.01 HZ. I f .  0.01 HZ 

l o 6 .  One commercial comparator so lves  t h i s  
problem by  us ing  a qua r t z  c r y s t a l  as t h e  tuned 
c i r c u i t  f o r  t h e  d i s c r i m i n a t o r .  

The comparator u s u a l l y  con ta ins  phase 
de tec to rs  t h a t  a l s o  a re  connected t o  t h e  ou t -  
p u t  o f  t h e  phase e r r o r  m u l t i p l i e r  cha in .  The 
phase de tec to rs  have va r ious  i n t e g r a t i n g  
t imes, o r  bandwidths, t h a t  a l l o w  one t o  o p t i -  
mize t h e  accuracy o f  t h e  p a r t i c u l a r  measure- 
ment be ing  made. As shown i n  f i g u r e  4.40, t h e  
comparator can be used w i t h  an e x t e r n a l  c h a r t  
recorder ,  an e l e c t r o n i c  d i g i t a l  counter ,  o r  an 
osc i l l oscope .  

4.7 AUXILIARY EQUIPMENT 

Some s p e c i a l i z e d  types  o f  equipment, 
though n o t  complete systems f o r  t h e  measure- 
ment o f  f requency o r  t ime, a re  never the less  
ve ry  u s e f u l  as a u x i l i a r y  devices t o  inc rease 
t h e  v e r s a t i l i t y ,  accuracy, and range o f  o t h e r  
measuring instruments.  These a u x i l i a r y  de- 
v i ces  i nc lude  frequency syn thes izers ,  phase 
e r r o r  m u l t i p l i e r s ,  phase de tec to rs ,  f requency 
m u l t i p l i e r s ,  f requency d i v i d e r s ,  s i g n a l  aver- 
agers,  and phase- lock ing  rece ive rs .  

4.7.1 FREQUENCY SYNTHESIZERS 

Not a l l  f requency comparisons and mea- 
surements a re  performed a t  even f requenc ies  
l i k e  100 kHz, 1 MHz, 5 MHz, e t c .  Many e lec -  
t r o n i c  a p p l i c a t i o n s  i n v o l v e  odd f requenc ies .  
An example i s  t he  t e l e v i s i o n  c o l o r  s u b c a r r i e r  
f requency o f  63/88 x 5 MHz. VHF and UHF 
communications channel f requenc ies  a re  another 
examp 1 e. 

There are  two general  types o f  synthe- 
s i z e r s ,  each w i th  p o i n t s  i n  i t s  f avo r .  The 
d i r e c t  syn thes i ze r  uses i n t e r n a l  f requency 
m u l t i p l i e r s ,  adders, sub t rac te rs ,  and d i v i d e r s  
i n  combinat ion t o  produce an ou tpu t  frequency. 
The i n d i r e c t  method o f  syn thes is  uses a phase- 
l o c k  o s c i l l a t o r  t o  p rov ide  t h e  a c t u a l  ou tpu t  
s i g n a l .  The s p e c t r a l  p u r i t y  o f  t h e  l a t t e r  

T O  CHART 
f-*R E C 0 R D E R 
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F I G U R E  4.40. B A S I C  FREQUENCY COMPARATOR. 
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method i s  more a f u n c t i o n  o f  t h e  phase-lock 
l o o p  than o f  t h e  spectrum o f  t h e  l o c k i n g  
s i g n a l .  Both types o f  syn thes izers  a r e  w i d e l y  
used i n  modern e l e c t r o n i c  equipment f o r  t h e  
genera t i  on o f  f requencies.  

The syn thes i ze r  has two s p e c i f i c a t i o n s  
which determine i t s  use fu lness  i n  any a p p l i -  
c a t i o n .  One i s  range and the  o t h e r  i s  z- 
l u t i o n .  I f  t h e  ins t rument  has a range o f  10 
MHz and a r e s o l u t i o n  o f  0.1 Hz, any frequency 
up t o  10 MHz may be generated i n  steps o f  0.1 
Hz. The d i a l s  o r  bu t tons  on t h e  f r o n t  o f  t h e  
ins t rument  d i s p l a y  t h e  ou tpu t  frequency. 
These c o n t r o l s  i n te rconnec t  t h e  va r ious  
m u l t i p l i e r s ,  mixers,  e t c .  t h a t  a re  necessary 
t o  produce t h e  ou tpu t  frequency. 

As mentioned p r e v i o u s l y ,  t h e  measurement 
and comparison o f  odd f requenc ies  i s  s i m p l i -  
f i e d  by t h e  use o f  a frequency syn thes izer .  
As an example, assume t h a t  one wishes t o  
determine t h e  frequency o f  a c r y s t a l  o s c i l -  
l a t o r .  The ou tpu t  frequency may be measured 
w i t h  an e l e c t r o n i c  counter  i f  one i s  a v a i l -  
able.  B a r r i n g  t h e  a v a i l a b i l i t y  o f  a counter ,  
a L issa jous  p a t t e r n  may be d i sp layed  on an 
osc i l l oscope  w i t h  some re fe rence frequency; 
b u t  t h e  p a t t e r n  on t h e  osc i l l oscope  might  br 
t o o  complex f o r  an accura te  i n t e r p r e t a t i o n .  

On t h e  o t h e r  hand, i f  a f requency syn- 
t h e s i z e r  i s  a v a i l a b l e ,  a l o w - r a t i o  L issa jous  
p a t t e r n  may be obtained. Once t h e  p a t t e r n  i s  
s t a b i l i z e d ,  t h e  o s c i l l a t o r  f requency may be 
read o f f  t h e  syn thes i ze r  d i a l s .  I f  t h e  p a t -  
t e r n  i s  o t h e r  than 1:1, t h e  o s c i l l a t o r  f re -  
quency may be computed by us ing  t h e  d i a l  va lue  
and the  p a t t e r n  r a t i o .  S i m i l a r l y ,  phase o r  
f requency s t a b i l i t y  o f  odd-frequency o s c i l -  
l a t o r s  may be determined us ing  a syn thes i ze r  
i n  con junc t i on  w i t h  phase de tec to rs ,  o s c i l -  
loscopes and c h a r t  recorders.  

4.7.2 PHASE ERROR MULTIPLIERS 

Osc i l loscopes,  phase de tec to rs ,  c h a r t  
recorders ,  and s i m i l a r  devices used t o  make 
frequency comparisons may be l i m i t e d  by t h e i r  
f requency response. Th is  can be a se r ious  
handicap when frequency m u l t i p l i c a t i o n  i s  used 
t o  speed up c a l i b r a t i o n s .  A phase e r r o r  
m u l t i p l i e r ,  however, m u l t i p l i e s  t h e  frequency 
d i f f e rence  between two s i g n a l s  w i t h o u t  chang- 
i n g  t h e  f requenc ies  themselves. 

A phase e r r o r  m u l t i p l i e r  i s  shown i n  
f i g u r e  4.41. It cons is t s  o f  one o r  more 
decade frequency m u l t i p l i e r s  i n  con junc t i on  
w i t h  one o r  more mixers whose ou tpu ts  a re  t h e  
d i f f e r e n c e  frequency between t h e i r  i n p u t  
s i g n a l  s. 

The re fe rence frequency fr i s  m u l t i p l i e d  
by n ine  t o  produce 9 f r .  The unknown frequency 

f x  i s  m u l t i p l i e d  by t e n  t o  produce 10 fx .  But  

f x  may be rede f ined  as fx = fr f Of ,  where A f  

i s  t h e  d i f f e r e n c e  frequency. Then 10 fx  = 10f r  

t loaf, and t h e  mixer  ou tpu t  w i l l  be 10 f r  f 

10Af - 9 f r  = fr f loaf. 

The d i f f e r e n c e  frequency i s  now 10 t imes 
what i t  was i n i t i a l l y .  Th i s  process can be 
repeated, as shown i n  f i g u r e  4.41, u n t i l  t he  
no ise  ge ts  t o o  b i g .  Four such decades seem t o  
be about t h e  l i m i t .  Th i s  i s  equ iva len t  t o  
m u l t i p l y i n g  two 1-MHz s i g n a l s  t o  10 GHz. The 
ou tpu t  o f  t h e  phase e r r o r  m u l t i p l i e r  i s  now 
t r e a t e d  t h e  same way as t h e  i n p u t  would have 
been, b u t  t h e  g r e a t l y  a m p l i f i e d  f requency 
d i f f e r e n c e  s i m p l i f i e s  and quickens t h e  mea- 
surement process. An a p p l i c a t i o n  o f  t h e  phase 
e r r o r  m u l t i p l i e r  i s  d iscussed i n  t h e  sec t i ons  
on L i ssa jous  p a t t e r n s  (4.2.3A) and frequency 
comparators (4.6). 

UNKNOWN c 

I N  M U L T .  
x 1 0  

OUTPUT 

P F R  

I N  

AF = l F R - F x I ,  F x  = FR+AF 

FIGURE 4.41. PHASE ERROR MULTIPLIER. 
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4.7.3 PHASE DETECTORS 

Why use a phase d e t e c t o r ?  I f  two 
o s c i l l a t o r s  d i f f e r e d  by 1 Hz and we com- 
pared t h e i r  f requencies,  we'd see a 1 Hz 
s i g n a l .  But what i f  they o n l y  d i f f e r e d  
by 0.001 Hz? A c h a r t  reco rd  o f  t h e i r  
d i f f e r e n c e  frequency o r  "beat  note" 
would take 1000 seconds t o  t r a c e  a cyc le .  
We soon f i n d  ourse lves d e a l i n g  w i t h  f r a c -  
t i o n s  o f  a cyc le .  A c y c l e  has 360 e lec -  
t r i c a l  degrees. I f  we measure t h e  phase 
o f  t he  two s i g n a l s ,  then we can c a l i b r a t e  
our c h a r t  o r  o s c i l l o s c o p e  i n  terms o f  
phase. This  i s  s imply  a way o f  l o o k i n g  
a t  f r a c t i o n a l  h e r t z - - p a r t s  o f  a cyc le .  

For example: Consider two 1 MHz 
o s c i l l a t o r s  t h a t  d i f f e r  i n  f requency by 
1 p a r t  i n  l o 8 .  Th is  means t h a t  i t  w i l l  
t ake  100 seconds f o r  a c y c l e  o f  t h e i r  
bea t  note t o  occur. On a c h a r t ,  we 
would see 1 c y c l e  (equals 1 microsecond 
a t  1 MHz) i n  100 seconds. I n  10 seconds, 
o n l y  one- tenth o f  a microsecond change 
w i l l  have occurred. These smal l  changes 
o f  phase can be used t o  c a l i b r a t e  f r e -  
quency d i f f e r e n c e s .  O f  course, i f  the  
s i g n a l s  we are comparing d i f f e r  by l a r g e  
amounts, t he  phase changes very r a p i d l y .  

There are two main types o f  phase 
de tec to rs - - the  l i n e a r  type and the  non- 
l i n e a r  type.  They are discussed sepa- 
r a t e l y  i n  the  f o l l o w i n g  paragraphs. The 
l i n e a r  phase d e t e c t o r  g ives a l i n e a r  out -  
p u t  as the  r e l a t i v e  phase o f  t he  i n p u t  
s i g n a l s  change. They are o f t e n  used w i t h  
phase e r r o r  m u l t i p l i e r s  and s t r i p  c h a r t  
recorders.  I n  a p rev ious  sec t i on ,  i t  was 
noted t h a t  l i n e a r  phase de tec to rs  o f t e n  
cannot accept very h i g h  f requencies.  
This  i s  a good reason f o r  combining a 
phase d e t e c t o r  w i t h  a phase e r r o r  
mu1 t i p 1  i e r .  

I N P U T  
A 

I N P U T  
B 

S H A P E R  " A "  - - 
DC 

S H A P E R  " 6 "  t 
- - 

S H A P E R  " A "  1 

S H A P E R  " 6 "  

e '  I 

a.  Block Diagram. 

n n n 
S H A P  E R " A  " O U T P U T  I 

I 
I n n n n 

F L I P - F L O P  A N D  I N T E G R A T O R  O U T P U l  

S L O P E  P R O P O R T I O N A L  T 9  F R E Q U E N C Y  D I F F E R E N C E -  

A b l o c k  diagram o f  a t y p i c a l  l i n e a r  phase 
d e t e c t o r  i s  shown i n  f i g u r e  4.42a. Examina- 
t i o n  shows t h a t  t h e  h e a r t  o f  t h i s  type o f  
phase d e t e c t o r  i s  a f l i p - f l o p .  The a c t i o n ,  o r  
du ty  c y c l e ,  o f  t he  f l i p - f l o p  determines t h e  
ou tpu t  vo l tage  o f  t he  de tec to r .  An upper 
f requency l i m i t  f o r  t he  d e t e c t o r  occurs be- 
cause o f  t he  f l i p - f l o p .  I f  t h e  shaped s i g n a l s  
f rom t h e  t w o  i n p u t s  are l ess  than 0.1 micro- 
second a p a r t ,  f o r  instance,  t he  f l i p - f l o p  
might  n o t  r e a c t  a t  a l l .  So the  dc vo l tage  t o  
t h e  c h a r t  recorder  w i l l  n o t  be a t r u e  t ime  
r e c o r d  o f  t he  phase d i f f e r e n c e .  I n  f a c t ,  what 
happens i s  t h a t  t he  sawtooth ou tpu t  shown i n  
f i g u r e  4.42b begins t o  s h r i n k .  The waveform 
s h i f t s  up from zero and down from f u l l - s c a l e .  
This  shrunken response cou ld  be c a l i b r a t e d ,  
b u t  i t  i s  much more convenient t o  use t h e  
phase d e t e c t o r  a t  a f requency which i t  can 

. 
T I M E  T Y P I C A L  P H A S E  D E T E C T O R  O U T P U T  

b. Waveforms. 

FIGURE 4.42. L I N E A R  PHASE DETECTOR. 

handle. This  i s  where a phase e r r o r  m u l t i -  
p l i e r  proves h e l p f u l .  Wi th  t h e  phase e r r o r  
m u l t i p l i e r ,  one i s  ab le  t o  have very s e n s i t i v e  
f u l l - s c a l e  values o f  phase s h i f t ,  say 0.01 
microsecond, w i t h  i n p u t s  i n  t h e  100-kHz range. 

A non l i nea r  phase d e t e c t o r  i s  e s s e n t i a l l y  
a phase d i s c r i m i n a t o r  l i k e  t h a t  used i n  FM 
rece ive rs .  The c i r c u i t  diagram of a t y p i c a l  
n o n l i n e a r  d e t e c t o r  i s  presented i n  f i g u r e  
4.43. These de tec to rs  a re  a v a i l a b l e  w i t h  
cab le  connectors o r  i n  a p r i n t e d  c i r c u i t  board 
package. 

Because t h e  response c h a r a c t e r i s t i c  i s  
non l i nea r ,  t h i s  phase d e t e c t o r  i s  n o t  used 
e x t e n s i v e l y  w i t h  c h a r t  recorders.  It has, 
however, one impor tan t  c h a r a c t e r i s t i c - - i t s  
ou tpu t  vo l tage  can reverse p o l a r i t y .  I n  o ther  

They a re  very smal 1. 
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,-INPUT # 1  n l l T P l l T  

F IGURE 4 . 4 3 .  SCHEMATIC DIAGRAM OF NONLINEAR 
PHASE DETECTOR. 

words, t h e  ou tpu t  i s  a dc vo l tage  p r o p o r t i o n a l  
t o  the  s i n e  o f  t he  phase d i f f e r e n c e  between 
the  i n p u t  s igna ls ,  and the  p o l a r i t y  o f  t h e  
ou tpu t  vo l tage  depends on t h e  l e a d  o r  l a g  con- 
d i t i o n  o f  t h e  re fe rence s i g n a l  w i t h  respec t  t o  
t h e  unknown s igna l  phase. 

I f  t h e  i n p u t  s i g n a l s  a re  d i f f e r e n t  i n  
f requency, t he  ou tpu t  vo l tage  i s  p e r i o d i c  l i k e  
a s i n e  wave and the re  i s  no dc component. 
Th is  ac ou tpu t  can be measured w i t h  a frequen- 
cy  counter ,  o r  i t  can be a p p l i e d  t o  an o s c i l -  
loscope t o  form a L issa jous  p a t t e r n .  

There a r e  commercial meters a v a i l a b l e  t o  
make phase measurements. Several o f  these can 
compare s i g n a l s  a t  very h i g h  f requenc ies  d i r -  
e c t l y  w i t h o u t  t h e  need t o  use phase e r r o r  
m u l t i p l i e r s ,  e t c .  By us ing  sampling tech-  
niques, comparisons up t o  1000 MHz can be 
made. Read the  equipment manuals c a r e f u l l y  t o  
no te  the  l i n e a r i t y  and accuracy o f  any i n s t r u -  
ment so t h a t  t he  r e s u l t s  can be c o r r e c t l y  
understood. 

4.7.4 FREQUENCY D I V I D E R S  

Frequency d i v i d e r s  a re  spec ia l  forms o f  
frequency syn thes izers .  They may be grouped 
i n t o  two general  types: analog d i v i d e r s  t h a t  
use regenera t i ve  feedback, and d i g i t a l  d i v i d -  
e r s  t h a t  use b i n a r y  a r i t h m e t i c  toge the r  w i t h  
l o g i c  func t i ons  p rov ided  by b i s t a b l e  c i r c u i t s .  

A M I X E R  

Analog d i v i d e r s  lend themselves to rf appli- 
c a t i o n s  i n  con junc t i on  w i t h  rece ive rs  and 
t r a n s m i t t e r s .  D i g i t a l  t ypes  a re  found i n  
e l e c t r o n i c  counters,  computers and slewable 
d i v i d e r s  . 

A. Analog o r  Regenerat ive D i v i d e r s  

F igu re  4.44 shows the  b l o c k  diagram o f  an 
analog o r  regenera t i ve  d i v i d e r .  Frequency f 
i s  supp l i ed  t o  the  i n p u t  o f  t h e  d i v i d e r .  A f t e r  
a m p l i f i c a t i o n ,  t h i s  s i g n a l  becomes one o f  two 
i n p u t s  t o  a mixer  stage. The mixer  ou tpu t  a t  
f /10  i s  m u l t i p l i e d  t o  9 f /10  and then f e d  back 
t o  the  o the r  i n p u t  o f  t he  mixer.  

c r i  
a1 1 

The g a i n  o f  t h e  va r ious  stages i s  ve ry  
t i c a l .  The regenera t i ve  d i v i d e r  i s  actu- 
y an o s c i l l a t o r y  c i r c u i t  though n o t  s e l f -  

o s c i l l a t i n g .  I f  t h e  loop ga in  around t h e  
feedback c i r c u i t  i s  %oo h igh ,  t h e  u n i t  w i l l  
con t inue t o  d i v i d e  even w i t h  no i n p u t .  The 
ou tpu t  f requency i n  t h i s  c o n d i t i o n  i s  de te r -  
mined by t u n i n g  o f  t he  var ious  c i r c u i t s .  I f  
t h e  c i r c u i t  g a i n  i s  t o o  low, t h e  u n i t  w i l l  n o t  
f u n c t i o n  a t  a l l .  The proper  c o n d i t i o n ,  as one 
would suppose, i s  where t h e  u n i t  d i v i d e s  under 
c o n d i t i o n s  o f  i n p u t  s i g n a l  b u t  ceases opera- 
t i o n  when t h a t  i n p u t  s i g n a l  i s  removed. 

Some commercial u n i t s  have t h e i r  g a i n  s e t  
so t h a t  t h e  d i v i d e r s  a re  n o t  s e l f - s t a r t i n g .  
Th is  f e a t u r e  i s  designed t o  e l i m i n a t e  t h e  
problems o f  d i v i s i o n  w i t h  no i n p u t  s i g n a l .  
Also,  s ince  t h e  u n i t  i s n ' t  s e l f - s t a r t i n g ,  t h e  
ou tpu t  phase should n o t  s h i f t  due t o  momentary 
l o s s  o f  i n p u t  o r  dc power. Once the  d i v i d e r  
stops, i t  remains stopped u n t i l  a s t a r t  b u t t o n  
i s  pressed. 

B. D i g i t a l  D i v i d e r s  

Simple b i s t a b l e  c i r c u i t s  such as f l i p -  
f l o p s  may be combined t o  per fo rm d i g i t a l  
d i v i s i o n .  Any f l i p - f l o p ,  whether assembled 
f r o m  d i s c r e t e  components o r  i n t e g r a t e d  c i r -  
c u i t s ,  performs the  same bas ic  func t i on .  The 
ou tpu t  assumes two p o s s i b l e  s t a t e s ,  f i r s t  one 

F / 1 0  
! Y P U T  O U T P U T  

F F / 1  C 

- - 
FREQUENCY 
MULTIPLIER 

I x 9  

FIGURE 4 . 4 4 .  ANALOG OR REGENERATIVE TYPE OF DECADE FREQUENCY D I V I D E R .  
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S T A G E  S T A G E  S T A G E  S T A G E  
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FIGURE 4.45. BLOCK DIAGRAM OF A FOUR-STAGE FL IP-FLOP D I V I D E R  

and then t h e  o the r ,  when t h e  c i r c u i t  i s  t r i g -  
gered by two successive i n p u t  pu lses.  Thus, 
we have d i v i s i o n  by two. 

I f  the  ou tpu t  o f  one f l i p - f l o p  i s  con- 
nected t o  the  i n p u t  o f  another,  t he  ou tpu t  o f  
t he  second f l i p - f l o p  w i l l  be a d i v i s i o n  by 
fou r .  A t h i r d  f l i p - f l o p  would a l l o w  d i v i s i o n  
by e i g h t ,  and so on. Each succeeding f l i p -  
f l o p  prov ides an a d d i t i o n a l  d i v i s i o n  by two. 
The d i v i s o r s  are 2, 4, 8, 16, 32, e t c .  

A decade ( + l o )  d i v i d e r  i s  formed by us ing  
e x t r a  c i r c u i t r y .  One such d i v i d e r  uses i n -  
t e r n a l  feedback t o  supply s i x  e x t r a  pu lses 
t o  a four-s tage f l i p - f l o p  chain,  thereby 
f o r c i n g  t h e  c i r c u i t  i n t o  supply ing an ou tpu t  
pu l se  a f t e r  o n l y  t e n  i n p u t  pu lses r a t h e r  than 
the  normal s i x teen .  

New d i g i t a l  l o g i c  c i r c u i t s  a re  be ing  
produced so r a p i d l y  and a t  such low c o s t  t h a t  
we cannot l i s t  a l l  t he  p o s s i b i l i t i e s  here. 

Every manufacturer has 1 i t e r a t u r e  avai  1 ab1 e 
t h a t  g ives a p p l i c a t i o n s  f o r  t h e i r  c i r c u i t s .  
You can assemble d i v i d e r s ,  syn thes i ze rs ,  and 
even d i g i t a l  c r y s t a l  o s c i l l a t o r s  t o  g i v e  you 
j u s t  about any frequency and waveform you 
des i re .  There a re  c i r c u i t  " ch ips "  t h a t  w i l l  
generate t r i a n g u l a r  waves and pu lse  b u r s t s .  
Complete phase- lock loops are a v a i l a b l e  i n  
smal l  packages. There are low-power c i r c u i t s  
and h i g h  vo l tage  d i v i d e r s  and d r i v e r s  f o r  a 
v a r i e t y  o f  i n d i c a t o r s  and d i sp lays .  

4.7.5 ADJUSTABLE RATE D I V I D E R S  

When us ing  an o s c i l l o s c o p e  t o  observe 
p e r i o d i c  waveforms, such as pulses o r  s h o r t  
b u r s t s  o f  s ine  waves e x t r a c t e d  f r o m  r a d i o  
r e c e i v e r s ,  i t  i s  o f t e n  advantageous t o  t r i g g e r  
t h e  o s c i l l o s c o p e  f r o m  a separate source. The 
problem a r i s e s  as t o  how t o  p o s i t i o n  t h e  
p a t t e r n  f o r  bes t  v iewing o r  measurement. An 

I N P U T  P U L S E S  

1 1  ( - )  
F I R S T  S T A G E  O U T P U T  

I 1 1 ( + I  I I I 
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I 1 ( + :  I 
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F O U R T H  S I A G E  O U T P U T  

FIGURE 4.46. FOUR-STAGE FL IP-FLOP D I V I D E R  WAVEFORMS. 
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a d j u s t a b l e  d i g i t a l  d i v i d e r  can so l ve  t h i s  
problem. 

I N P U T  ~ 

S I G N A L  

Assume t h a t  we have a d i g i t a l  d i v i d e r  
which accepts a 1-MHz i n p u t  s i g n a l ,  counts lo6 
c y c l e s  o f  t h i s  i n p u t ,  and then d e l i v e r s  a 
narrow ou tpu t  pu lse.  I f  t h i s  process i s  
repeated con t inuous ly  , t h e  ou tpu t  pu lses w i  11 
occur once every second. I f  we use the  1-pps 
ou tpu t  t o  t r i g g e r  an osc i l l oscope ,  we may need 
t o  s h i f t  t h i s  pu l se  around i n  t ime t o  see a 
des i red  waveform. 

O U T P U T  
I N P U T  

A M P L I F I E R -  O U T P U T  

C O N D I T I O N E R  
S I G N A L  AMP I I E 

X L  O S C  O P  E 

I f  d u r i n g  t h e  coun t ing  cyc le ,  we were t o  
add an e x t r a  pu l se  t o  t h e  i n p u t  pu l se  t r a i n ,  
t h e  d i v i d e r s  would count  t h i s  a d d i t i o n a l  pu l se  
a long w i t h  the  normal pulses.  The d i v i d e r  
cha in  would count a long as usual  u n t i l  t h e  
number 1,000,000 i s  reached. A t  t h a t  i n s t a n t ,  
t h e  u n i t  would send o u t  i t s  normal seconds 
pulse.  But  s ince  we added one e x t r a  pu l se  t o  
t h e  i n p u t  t r a i n ,  t h e  ou tpu t  pu l se  would occur 
1 microsecond e a r l i e r  than i t  would have 
otherwise.  I f  we add a pu lse  t o  t h e  i n p u t  
t r a i n  every second, t h e  ou tpu t  p u l s e  would 
advance i n  t ime by 1 microsecond pe r  second. 
I f  we s u b t r a c t  one pu lse  f rom the  i n p u t  t r a i n  
each second, t h e  ou tpu t  pu l se  would be r e t a r d -  
ed 1 microsecond pe r  second. By adding o r  
s u b t r a c t i n g  pulses a t  d i f f e r e n t  r a t e s ,  we can 
make t h e  ou tpu t  pu lses move r a p i d l y  o r  s low ly  
forward o r  backward. Th is  i s  how the  a d j u s t -  
ab le  d i v i d e r  works. It can be b u i l t  up e a s i l y  
w i t h  modern d i g i t a l  c i r c u i t r y .  

4.7.6 SIGNAL AVERAGERS 

If  t he  same p o i n t  on the  seconds pu lse  i s  
examined each t ime t h e  pu lse  occurs,  an aver-  
age vo l tage  f o r  t h a t  p o i n t  w i l l  emerge. This  
i s  because t h e  s i g n a l  ampl i tude a t  t he  p o i n t  
i s  constant ,  and u l t i m a t e l y  t h e  random noise 
vo l tage  a t  t h a t  p o i n t  w i l l  average o u t  t o  
zero. The l e n g t h  o f  t i m e  r e q u i r e d  f o r  t h e  

average s i g n a l  va lue t o  appear - w i l l  depend' on 
the  amount and nature of  t he  noise. 

The s i g n a l  averager examines many p o i n t s  
on a pu lse.  The instantaneous va lue o f  v o l t -  
age a t  each p o i n t  i s  s t o r e d  i n  a memory c i r -  
c u i t  comprised o f  a bank o f  h i g h - q u a l i t y  
capac i to rs .  Each t ime t h e  pu lse  occurs,  t he  
same p o i n t s  a re  examined and s t o r e d  i n  the  
same memory elements. A f t e r  a s u f f i c i e n t  
l e n g t h  o f  t ime, each c a p a c i t o r  w i l l  have 
s t o r e d  the  average va lue o f  vo l tage  from i t s  
r e s p e c t i v e  p o i n t  on the pulse.  

Each o f  t h e  memory capac i to rs  i s  i n  
s e r i e s  w i t h  an e l e c t r o n i c  swi tch.  The 
switches are c losed  and opened by a c o n t r o l  
c i r c u i t ,  which operates each s w i t c h  i n  succes- 
s i o n  so t h a t  o n l y  one i s  c losed  a t  any g i ven  
t ime. Res is to rs  between the  i n p u t  and ou tpu t  
a m p l i f i e r s  a l l o w  t h e  t ime constant  o f  t he  
memory elements t o  be opt imized w i t h  respec t  
t o  t h e  l e n g t h  o f  t he  pulse.  

As each sw i t ch  i s  c losed, i t s  assoc iated 
c a p a c i t o r  charges t o  the  instantaneous vo l tage  
present  a t  t he  p o i n t  on the waveform be ing  
examined. That vo l tage  i s  s imul taneously  
d i sp layed  on an osc i l l oscope .  The waveform o f  
t h e  d i sp layed  pu lse  i s  composed then o f  many 
d i s c r e t e  vo l tage  l e v e l s  read from many s torage 
capac i to rs .  

As one can imagine, the e n t i r e  process 
must be c a r e f u l l y  synchronized. The sw i t ch  
c o n t r o l l e r  i s  t r i g g e r e d  s imul taneously  w i t h  
the  osc i l l oscope  t r i g g e r ,  and the  sw i t ch ing  
r a t e  i s  ad justed nominal ly  t o  a l l o w  3 d i s p l a y  
o f  a l l  c a p a c i t o r  vo l tages d u r i n g  one sweep o f  
t h e  osc i  1 loscope beam. 

The s i g n a l  averaging technique a l l ows  one 
t o  see weak s i g n a l s  i n  no ise w i t h o u t  l oss  o f  
s i g n a l  bandwidth. Commercial inst ruments a re  
a v a i l a b l e  us ing  the  analog method descr ibed 
above and a l s o  d i g i t a l  techniques. A f t e r  t h e  
s i g n a l  has been recovered f r o m  t h e  noise,  

M E M O R Y  1 C A P A C I T O R S  

S W I T C H  G I 
C O N T R O L L E R  ---/_ _ L 

4 O N E  S W I T C H  C L O S E D  
A T  A T I M E  

F I G U R E  4.47. S I M P L I F I E D  DIAGRAM O F  A S I G N A L  AVERAGER 
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measurements can be made t o  determine t h e  t ime  
o f  a r r i v a l ,  e tc .  A l o c a l  c l o c k  " t i c k "  can be 
used t o  t r i g g e r  t h e  s t a r t  o f  t h e  averag ing  
Drocess. 

* 

2 F R E Q U E N C Y  A V L F  OR L F  FRF: P H A S E  
R E C E I V E R  COMPARATOR S Y N T H E S I Z E R  

~ R F  . + s  

4.8 PHASE LOCK TECHNIQUES 

E L E C T R O N I C  
OR L O C A L  

M E C H A N I C A L -  F R E Q U E N C Y  
P H A S E  S T A N D A R D  

S H I F T E R  

There a re  many books and a r t i c l e s  on t h i s  
sub jec t .  A s  mentioned, even i n t e g r a t e d  c i r -  
c u i t s  a re  a v a i l a b l e  t o  phase l o c k  s igna ls .  
Here, we o n l y  want t o  acqua in t  t h e  reader w i t h  
t h e  concept o f  t h e  phase-locked loop and what 
i t  w i l l  do f o r  our  t ime  and frequency measure- 
ment problems, I f  f u r t h e r  i n f o r m a t i o n  i s  
des i red ,  t he  reader  should seek ou t  t e x t s  and 
a p p l i c a t i o n  notes on t h e  sub jec t .  

The phase-locked loop i s  made by con- 
n e c t i n g  a phase comparator, i n t e g r a t o r ,  and 
v o l t a g e - c o n t r o l l e d  o s c i l l a t o r  (VCO).  Any one 
o f  these b locks  can be implemented i n  many 
ways. F u n c t i o n a l l y ,  a c r y s t a l  o s c i l l a t o r  t h a t  
reac ts  t o  an i n p u t  vo l tage  by changing i t s  
f requency i s  t h e  same as a dc motor t h a t  
speeds up o r  slows down as i t s  i n p u t  vo l tage  
i s  changed. 

The n e t  e f f e c t  o f  a phase- lock loop can 
be one o f  severa l  t h ings .  It can change t h e  
i n p u t  frequency. For example, i f  t h e  i n p u t  i s  
1 MHz, we cou ld  p u t  a 100 kHz o s c i l l a t o r  i n  
f o r  a VCO and a m u l t i p l i e r  i n  t h e  c i r c u i t  and 
hade a d i v i d e r .  O r ,  we cou ld  use a 10 MHz VCO 
and a d i v i d e r  i n  t h e  c i r c u i t  and have a m u l t i -  
plier, .  We cou ld  a l s o  change t h e  power l e v e l .  
Thnt i s ,  a very  smal l  i n p u t  s i g n a l  cou ld  be 
made t o  c o i \ t r o l  a power fu l  ou tpu t  stage. Th is  
woii ld g i v e  us a power a m p l i f i e r .  

Typ ica l  a p p l i c a t i o n s  f o r  a phase-locked 
l o o p  i n v o l v e  t h e  i dea  o f  f i l t e r i n g  t h e  i n p u t  
s i g n a l .  Usua l l y  a low-pass f i l t e r  does t h i s  
f o r  u s .  The VCO i s  connected a f t e r  t h e  f i l -  
t e r .  Th i s  p revents  h i g h  frequency s i g n a l s  
(where t h e  no ise  u s u a l l y  i s )  f rom a f f e c t i n g  
t h e  VCO. So, i f  t h e  i n p u t  i s  a 1 MHz s i g n a l  
w i t h  no ise ,  we can remove t h e  no ise  and keep 

t h e  1 MHz s i g n a l .  I t ' s  n o t  r e a l l y  t h a t  easy 
o r  s imple,  b u t  j u s t  an example o f  what i s  
happening. 

Since ve ry  narrow bandwidths can be 
achieved, we cou ld  separate one s i g n a l  f rom 
another  even though they  a re  ve ry  c lose  
toge the r .  I f  you read  a r t i c l e s  w r i t t e n  i n  t h e  
f i e l d  o f  t ime  and frequency technology, men- 
t i o n  i s  o f t e n  made o f  us ing  phase-locked loops 
t o  remove no ise  f rom s i g n a l s  a f t e r  t hey  have 
a r r i v e d  over te lephone l i n e s ,  e tc .  

An impor tan t  a p p l i c a t i o n  o f  phase- lock 
techniques i s  i n  t h e  VLF t r a c k i n g  rece ive r .  
The a p p l i c a t i o n  o f  t h e  l oop  i s  t o  measure t h e  
phase o f  a l o c a l  o s c i l l a t o r  w i t h  respec t  t o  a 
rece ived  s i g n a l  a t  VLF frequencies.  Here t h e  
phase-locked loop  f i l t e r s  p rov ide  an analog 
phase ou tpu t  and even syn thes izes  t h e  neces- 
sary  f requenc ies  so t h e  r e c e i v e r  can be tuned 
th roughout  t h e  VLF band. 

The b l o c k  diagram o f  a s imp le  phase- 
t r a c k i n g  r e c e i v e r  i s  shown i n  f i g u r e  4.48. 
B a s i c a l l y ,  t h i s  r e c e i v e r  a d j u s t s  t h e  phase o f  
a l o c a l  f requency standard t o  agree w i t h  t h a t  
o f  a rece ived  r a d i o  s i g n a l .  The phase ad jus t -  
ment i s  performed by a phase s h i f t e r ,  which 
a l s o  accepts t h e  ou tpu t  s i g n a l  o f  t h e  l o c a l  
standard. Th is  s h i f t e d  s i g n a l  becomes t h e  
i n p u t  s i g n a l  f o r  an i n t e r n a l  f requency synthe- 
s i z e r  whose frequency i s  s e t  equal t o  t h e  
rece ived  frequency. Comparison between these 
two s i g n a l s  i s  then made by a phase de tec to r  
which i n  t u r n  c o n t r o l s  t h e  a c t i o n  o f  t h e  phase 
s h i f t e r  i n  such a way as t o  ma in ta in  t h e  phase 
d i f f e r e n c e ,  E ,  a t  a n e a r l y  zero  value. 

A t ime  cons tan t  i n  t h e  servo l o o p  l i m i t s  
and c o n t r o l s  t h e  r a t e  o f  phase change t h a t  can 
be accomplished by  t h e  s h i f t e r .  Th i s  t ime  
cons tan t  pe rm i t s  t h e  r e c e i v e r  t o  have a ve ry  
narrow bandwidth. Commercial rece ive rs  fea- 
t u r e  a d j u s t a b l e  t ime  cons tan ts  which a l l o w  t h e  
e f f e c t i v e  bandwidth t o  be reduced t o  as low as 
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0.001 Hz. With bandwidths this narrow, the 
receiver can follow a signal that i s  much 
weaker than the neighboring noise levels. 

Another way to view the action of a 
phase-tracking receiver i s  to consider it a 
signal-averaging process. The long time 
constants (100 seconds or more) characteristic 
of these receivers may be thought of as aver- 
aging times. The phaselocked output frequency 
o f  the receiver is a faithful representation 
of the received frequency and phase. Only the 
noise has been removed. 

4.9 SUMMARY 

There are many types of equipment avail- 
able for use in making time and frequency 
calibrations. Perhaps the most important are 
the electronic counter and the oscilloscope. 
There are also many techniques that can be 

used, depending on the application. We again 
encourage users to discuss their needs with 
manufacturers of time and frequency equipment 
and to read the available application notes 
and other literature. 

Now that we have discussed the use o f  
time and frequency in the lab, we will turn 
our attention to some o f  the services that 
provide accurate signals for calibration. 
These services range from high and low fre- 
quency radio broadcasts to newer services that 
use network television as a transfer standard 
t o  sate1 1 i tes. 

Obviously, you will not want to use all 
of the services. The magnitude o f  your mea- 
surement problems, your accuracy requirements, 
the manpower available, and your budget are 
all contributing factors in choosing a service 
that best meets your needs. Hopefully, the 
following chapters will provide enough infor- 
mation to allow you to make a wise decision. 
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CHAPTER 5. THE USE OF HIGH-FREQUENCY R A D I O  BROADCASTS 

FOR T I M E  AND FREQUENCY CALIBRATIONS 

High frequency (HF) shortwave r a d i o  5 . 1  BROADCAST FORMATS 
broadcasts are one o f  t h e  most popular  sources 
o f  t ime  and frequency i n fo rma t ion .  HF s i g n a l s  

rado), WWVH (Kauai, Hawai i ) ,  and CHU (Ottawa, 
Canada) are r e a d i l y  a v a i l a b l e  and p rov ide  them are described in this chapter. 
e s s e n t i a l l y  wor ldwide coverage. I n  a d d i t i o n ,  

As p r e v i o u s l y  mentioned, t h e r e  a re  many 

for time and frequency measurements. some of 
from s t a t i o n s  such as (Ft-  cO1O- HF r a d i o  s t a t i o n s  wor ldwide t h a t  can be used 

t h e  s i g n a l s  can be p i cked  up w i t h  r e l a t i v e l y  
inexpensive r e c e i v i n g  equipment. 

Al though HF broadcasts a re  extremely 
popular ,  t h e r e  a re  drawbacks t o  us ing  them. 
To date,  no p r a c t i c a l  method has been found t o  
automate the  use o f  HF s igna ls .  Also,  t h e  
equipment r e q u i r e s  human operators .  

HF s i g n a l s  r e l y  p r i m a r i l y  on r e f l e c t i o n  
f rom the  sky ( ionosphere) t o  a r r i v e  a t  a 
d i s t a n t  p o i n t .  Changes i n  t h e  d e n s i t y  and 
h e i g h t  o f  t h e  ionosphere ( o r  r e f l e c t i n g  
reg ion )  change t h e  d i s tance  a t ime  s i g n a l  must 
t r a v e l .  Th is  produces a c h a r a c t e r i s t i c  o f  
h i g h  frequency o r  " s h o r t "  waves c a l l e d  fading. 
The s i g n a l s  t h a t  leave the  t r a n s m i t t e r  take a 
number o f  paths t o  reach t h e  rece ive r .  As 
these s i g n a l s  a r r i v e  a t  a d i s t a n t  p o i n t ,  they 
have s h i f t e d  i n  phase by d i f f e r e n t  amounts. 
Sometimes they recombine t o  produce a s t ronger  
s i g n a l ,  b u t  a t  o the r  t imes,  they almost cancel 
each o the r  and no s i g n a l  i s  a v a i l a b l e .  

It i s  t h i s  recombi n i  ng-cancel i ng p a t t e r n  
t h a t  produces the  c h a r a c t e r i s t i c  f a d i n g  a t  HF. 
Th i s  a l s o  changes t h e  apparent t ime o f  a 
rece ived  pu lse  o r  " t i c k . "  The a r r i v a l  t ime  o f  
a t i m i n g  p u l s e  may vary f rom day t o  day, even 
f o r  measurements made a t  t he  same t ime o f  day. 
Accuracies approaching 1 m i l l i s e c o n d  can 
t y p i c a l l y  be achieved by t a k i n g  measurements 
each day and averaging over severa l  days. 
Th is  means t h a t  a user  must have a c l o c k  and 
t h e  necessary equipment t o  keep good t ime and 
measure smal l  t ime  d i f f e r e n c e s .  It a l s o  means 
he must be dedicated and w i l l i n g  t o  expend t h e  
e f f o r t  t o  do the  j ob .  

Good s i g n a l  r e c e p t i o n  i s  e s s e n t i a l  f o r  
accurate f requency o r  t ime  measurement us ing  
HF broadcasts.  S ignal  s t r e n g t h  and geographi- 
c a l  l o c a t i o n  w i l l  determine the  necessary 
r e c e i v e r  and antenna requirements.  For exam- 
p l e ,  a d i r e c t i o n a l  antenna may be necessary so 
t h a t  i t  can be o r i e n t e d  t o  f a v o r  t h e  t rans -  
m iss ion  mode which c o n s i s t e n t l y  p rov ides  the  
s t ronges t  rece ived  s i g n a l .  Accuracy 'of mea- 
surements us ing  HF s i g n a l s  i s  t y p i c a l l y  10 
m i l l i s e c o n d s  f o r  t ime and 1 x f o r  
f requency. 

5 .1 .1  WWV/WWVH 

Standard t ime and frequency s t a t i o n s  WWV 
and WWVH broadcast on c a r r i e r  f requencies o f  
2.5, 5, 10, and 15 MHz. WWV a l s o  broadcasts 
on 20 MHz. The s t a t i o n s  g e t  a l l  o f  t h e i r  s i g -  
n a l s  from a cesium beam frequency source. 
They each use t h r e e  "atomic c locks "  t o  p rov ide  
t h e  t i m e  o f  day, audio tones, and c a r r i e r  f r e -  
quencies. The r a t e s  o r  f requencies o f  t he  
cesium o s c i l l a t o r s  a t  t h e  s t a t i o n s  are con- 
t r o l l e d  t o  be w i t h i n  one p a r t  i n  l o ' *  (1000 
b i l l i o n )  o f  t he  NBS f requency s tandard l oca ted  
i n  Boulder,  Colorado. Time a t  t he  s t a t i o n s  i s  
h e l d  t o  w i t h i n  a few microseconds o f  t h e  NBS 
atomic t i m e  scale,  UTC(NBS). 

These cesium standards d r i v e  t ime code 
generators  through va r ious  d i v i d e r s ,  m u l t i -  
p l i e r s ,  and d i s t r i b u t i o n  a m p l i f i e r s .  The t ime  
code generators  generate audio tones and t ime  
t i c k s .  Frequency m u l t i p l i e r s  p rov ide  the  
r a d i o  c a r r i e r  f requencies which a re  then 
ampl i tude modulated. 

The seconds pulses o r  " t i c k s "  t r a n s m i t t e d  
by WWV and WWVH a re  obta ined from t h e  same 
frequency source t h a t  c o n t r o l s  the  c a r r i e r  
f requencies.  They are produced by a double 
sideband, 100 percent  modulated, s i g n a l  on 
each RF c a r r i e r .  The f i r s t  p u l s e  o f  every 
hour i s  an 800-mi l l isecond pu lse  o f  1500 Hz. 
The f i r s t  pu l se  o f  every minute i s  an 
800-m i l l i second  pu lse  o f  1000 Hz a t  WWV and 
1200 Hz a t  WWVH. The remaining seconds pulses 
a re  b r i e f  audio b u r s t s  (5 -m i l l i second  pulses 
o f  1000 Hz a t  WWV and 1200 Hz a t  WWVH) t h a t  
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FIGURE 5.1. FORMAT OF WWV AND WWVH 
SECONDS PULSES. 
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sound l i k e  the  t i c k i n g  o f  a c lock .  A l l  pu lses 
occur a t  t he  beginning o f  each second. The 
29th and 59th seconds pulses are omi t ted.  

Each t i c k  i s  preceded by 10 m i l l i s e c o n d s  
o f  s i l e n c e  and fo l l owed  by 25 m i l l i s e c o n d s  o f  
s i l e n c e  t o  avo id  i n t e r f e r e n c e  from o the r  tones 
and t o  make i t  e a s i e r  t o  hear t h e  t i c k .  The 
t o t a l  40 -m i l l i second  p r o t e c t e d  zone around 
each seconds pu lse  i s  i l l u s t r a t e d  i n  f i g u r e  
5.1. This  means t h a t  t he  vo ice announcements 
are a l s o  i n t e r r u p t e d  f o r  40 m i l l i s e c o n d s  each 
second. This  causes o n l y  a smal l  audio d i s -  
t o r t i o n .  The t i c k s  have p r i o r i t y  and must be 
rece ived  c l e a r l y .  

T r a n s m i t t i n g  equipment a t  each s t a t i o n  
c o n s i s t s  o f  high-power l i n e a r  a m p l i f i e r s  which 
are connected t o  separate antennas. The sever- 
a l  WWVH antennas a re  d i r e c t i o n a l  a r rays  except 
f o r  t he  2.5 MHz antenna. A l l  t h e  antennas a t  
WWV a re  omn id i rec t i ona l .  The d i r e c t i o n a l  
p roper t y  o f  t h e  WWVH antennas i s  in tended t o  
minimize " i n t e r f e r e n c e "  between t h e  two s ta-  
t i o n s  and t o  improve coverage i n  the  Western 
Paci f i c. 

The complete broadcast format  f o r  WWV and 
WWVH, showing e x a c t l y  what i s  broadcast d u r i n g  
each minute o f  t h e  hour, i s  shown on page 215 
o f  Chapter 12. See Table 5.1 f o r  o t h e r  
d e t a i  1 s.  

5.1.2 CHU 

Canada has many frequency and t ime ser-  
v i ces  t h a t  are q u i t e  s i m i l a r  t o  those o f  t he  
U. S. The Canadian HF broadcast s t a t i o n  near 
Ottawa has the  c a l l  l e t t e r s  CHU. I t s  s i g n a l s  
can be heard over much o f  t he  U. S.  and a re  a 
va luable a l t e r n a t i v e  t o  t he  W signa ls .  It 
has the  same propagat ion c h a r a c t e r i s t i c s  and 
t h e  same r e c e i v i n g  techniques a re  used. 

The CHU s i g n a l s  d i f f e r  f rom those o f  t h e  
U.S. s t a t i o n s  i n  two ways. They a re  n o t  i n  

the  s tandard f requency bands (see below) and 
they  use a d i f f e r e n t  format.  The format  i s  
p r i n c i p a l l y  v o i c e  and t i c k s .  A t  CHU, dual  
cesium frequency sources a re  used t o  generate 
t h e  c a r r i e r s  and t h e  seconds pulses.  Two 
systems are used t o  complement each o the r  i n  
cases o f  maintenance o r  f a i l u r e .  The ou tpu t  
f rom t h e  cesium o s c i l l a t o r  i s  f e d  t o  a s o l i d  
s t a t e  f requency syn thes i ze r  which produces the  
3330, 7335, and 14670 kHz c a r r i e r  s i g n a l s  f o r  
t h e  t r a n s m i t t e r s .  

The t h r e e  e x c i t a t i o n  f requencies a re  f e d  
i n t o  a t r a n s m i t t e r  room and te rm ina ted  i n  a 
panel where each frequency i s  coupled i n t o  two 
t r a n s m i t t e r s  (main and standby) ope ra t i ng  on 
t h a t  frequency. A 100 kHz s i g n a l  i s  f e d  i n t o  
one o f  two d i g i t a l  c locks  where i t  i s  d i v i d e d  
i n t o  seconds pulses o f  1000 Hz tone. The 
c l o c k  gates o u t  t h e  51s t  t o  59th second pulses 
o f  each minute t o  p e r m i t  t he  vo ice announce- 
ments t o  be i n s e r t e d ,  and a l s o  gates o u t  t h e  
29 th  pu lse  t o  i d e n t i f y  t h e  ha l f -m inu te  p o i n t .  

The same 100 kHz s i g n a l  i s  f e d  i n t o  a 
" t a l k i n g  c lock "  where i t  i s  d i v i d e d  down t o  50 
Hz and a m p l i f i e d  t o  a power l e v e l  t h a t  w i l l  
operate a synchronous motor. The motor d r i v e s  
a magnetic drum on which t h e  v o i c e  announce- 
ments a re  recorded. Two t a l k i n g  c locks  a re  
used. One announces t h e  s t a t i o n  i d e n t i f i c a -  
t i o n  and t ime  i n  Engl ish,  and repeats the  t ime  
i n  French. The o the r  announces the  s t a t i o n  
i d e n t i f i c a t i o n  and t ime i n  French, and repeats 
t h e  t ime  i n  Engl ish.  The format  i s  shown i n  
f i g u r e  5.2. 

I n  1975, CHU converted i t s  ope ra t i on  t o  
s i n g l e  sideband. It now broadcasts upper s ide-  
band w i t h  f u l l  c a r r i e r .  Th i s  i s  c a l l e d  t h e  
3A3H mode. Users can s t i l l  g e t  t h e  c a r r i e r  as 
a f requency s tandard and an o r d i n a r y  AM r a d i o  
w i l l  a l l o w  r e c e p t i o n  o f  t h e  audio s igna ls .  

A t ime  code i s  now be ing  t e s t e d  on CHU. 
It appears i n  t h e  31s t  t o  t h e  39th seconds 
pulses o f  each minute. The modulat ion i s  t h e  

CHU DATA TRANSMISSION SEQUENCE 
S8Ih MIN. 111 MlN. Y(h MlN. 

c . -- -  , --- 
10 1 2 I e s I 7 I s i a i i i t i s  . . . . _ . , . . . . . .  U l t  U U I  

t 1st lo l#th PULSE&#gkJ 

OF lo00 HI. 
lwo CYCLES (1 SEC.) 

t NOT€ 

500 CYCLES i l i a  SEC.) 
OF 1000 Hz 

NOTE: VOICE RECOROINQS ALTERNATE IN FRENCH AND ENQLISH: - 
"CHU CANADA. EASTERN STANDARD TIME HOURS MINUTES NEURLS MINUTES" (EVEN MINUTES) 

W H U  CANAOA, HEURE NORYALE Dc L'EST HLURES MINUTES HOURS MINUTES" (000 MINUTES) 

%MU CANAOA. EASTERN STANDARD TIME HOURS EXACTLY'. HLUlES PRtClSES" ION THE HOUR) 

FIGURE 5.2. CHU BROADCAST FORMAT. 
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V O I C E  
ANNOUNCEMENT 

TONE OF f (20 SEC) MONDAY TO SATURDAY 

5 

45 

4 

SECOND PULSES 
ONLY 

SECOND SATURDAY 
AND SUNDAY 
( 4  HOURS PER DAY) 

MINUTES SCHEDULE HOURLY SCHEDULE DAILY SCHEDULE (TIME IN IST) 

FIGURE 5.3. TRANSMISSION SCHEDULE OF ATA OVER A DAY, HOUR, AND MINUTE. 

commercial 300 baud FSK ( f requency s h i f t  
keying) a t  f requencies o f  2025 and 2225 Hz. 
The code i s  a mod i f i ed  A S C I I  i n  which each 
1 1 - b i t  cha rac te r  conta ins t w o  BCD d i g i t s ,  w i t h  
one s t a r t  b i t  and two stop b i t s .  The f i r s t  
d i g i t  i s  t he  number 6 f o r  i d e n t i f i c a t i o n ,  
which should be v e r i f i e d  i n  the  r e c e i v i n g  
c lock ,  and t h e  remaining 9 d i g i t s  g i v e  the  
day! hour, minute and second o f  UTC. The 
e n t i r e  message i s  then repeated i n  o rde r  t h a t  
t h e  r e c e i v i n g  c l o c k  can check f o r  i d e n t i c a l  
messages be fo re  updat ing.  The code ends, and 
update occurs a t  0.500s. Th is  0.500s must be 
added i n ,  a long w i t h  t h e  t ime zone hour, t o  
g i v e  the  c o r r e c t  t ime. The same code i s  a l s o  
a v a i l a b l e  by te lephone. D e t a i l s  can be ob- 
t a i n e d  by w r i t i n g  t o  t he  Time and Frequency 

Sect ion,  Na t iona l  Research Counci l ,  Ottawa, 
On ta r io ,  Canada. Other d e t a i l s  o f  CHU's 
s e r v i c e  a re  shown i n  Table 5.1, page 77. 

I f  you a re  ou ts ide  t h e  Un i ted  States o r  
Canada, the  f o l l o w i n g  HF s t a t i o n s  are a v a i l -  
a b l e  f o r  t ime  and frequency measurements. 

5.1.3 ATA 

ATA, which broadcasts on 5, 10, and 15 
MHz, i s  l o c a t e d  i n  Greater Kai lash,  D e l h i ,  
I n d i a .  It is  operated by t h e  Na t iona l  Physi-  
c a l  Laboratory  i n  New De lh i .  The t ransmiss ion  
schedule i s  shown i n  f i g u r e  5.3. 

58th SEC 59th SEC 60th SEC 1 s t  SEC 

FIGURE 5.4. TIME FORMAT OF ATA SIGNAL 
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ATA g i ves  t ime  t i c k s  f o r  every second, 
minute,  and quar ter -hour  ( i . e . ,  Oth, 15th,  
30th,  and 45th minute o f  every hour) .  The 
second pulses c o n s i s t  o f  a group o f  5 cyc les  
o f  1 kHz o f  5 m i l l i s e c o n d s  du ra t i on .  The 
minute pulses,  s t a r t e d  a t  t he  0 t h  second, a re  
a 1 kHz s i g n a l  o f  100 m i l l i s e c o n d s  du ra t i on .  
A t  t h e  beginning o f  every quar ter -hour ,  a 1 
kHz tone s t a r t s ;  i t  l a s t s  f o r  f o u r  minutes 
( i - e . ,  f rom t h e  0 t h  t o  4 th ,  15th t o  19th,  30 th  
t o  34th,  and 45 th  t o  49 th  minute).  

The second and minute pulses a re  main- 
t a i  ned d u r i n g  t h e  tone p e r i o d  by i n t e r r u p t i n g  
t h e  tone f o r  25 and 120 m i l l i s e c o n d s  respec- 
t i v e l y  and i n t r o d u c i n g  second and minute 
pulses.  The second and minute pulses a re  
preceded and succeeded by 10 m i l l i s e c o n d  
i n t e r v a l s  as shown i n  f i g u r e  5.4. 

A vo i ce  announcement, compri s i n g  t h e  
s t a t i o n  c a l l  s i g n  and I n d i a n  Standard Time i s  
made about 20 seconds p r i o r  t o  t h e  beg inn ing  
o f  each quar ter -hour .  Other d e t a i l s  o f  ATA 
a re  shown i n  Table 5.1. 

5.1.4 I A M  

The I s t i t u t o  Super iore d e l l e  Poste e 
d e l l e  Telecomunicazioni  (ISPT) i n  Rome, I t a l y ,  
operates HF r a d i o  s t a t i o n  I A M  on 5 MHz. I A M  
broadcasts t ime  s i g n a l s  and s tandard frequen- 
c ies .  

The t ransmiss ion  i s  e f f e c t e d  f o r  6 days a 
week (week-days o n l y )  i n  accordance w i t h  t h e  
diagram i n  f i g u r e  5.5. 

The second pu lse  i s  made up o f  5 c y c l e s  
o f  a 1000 Hz s tandard frequency. Minute 
pulses c o n s i s t  o f  20 cyc les .  

The UT1 c o r r e c t i o n  i s  g i ven  by double 
pulses.  A d d i t i o n a l  d e t a i l s  a r e  shown on 
Table 5.1. 

5.1.5 I B F  

I B F  i s  operated by t h e  I s t i t u t e  E l e t t r o -  
t e c n i c o  Nazionale G a l i l e o  F e r r a r i s  i n  Tor ino,  
I t a l y .  It t r a n s m i t s  on 5 MHz. 

Seconds pulses c o n s i s t  o f  5 cyc les  o f  1 
kHz modulat ion.  Seven pulses mark t h e  minute. 
Voice announcements (g i ven  i n  I t a l i a n ,  French, 
and Eng l i sh )  a re  g i ven  a t  t h e  beg inn ing  and 
end o f  each emission. Time announcements a re  
g i ven  by Morse Code every 10 minutes beg inn ing  
a t  0 hours 0 minutes.  

The UT1 c o r r e c t i o n  i s  g i ven  by double 
pulses.  A d d i t i o n a l  d e t a i l s  a re  shown on Table 
5.1. 

5.1.6 JJY 

The Radio Research Labora to r ies  i n  Tokyo, 
Japan, operate r a d i o  s t a t i o n  JJY. L i k e  WWV 
and WWVH, JJY broadcasts Coordinated Un ive rsa l  
Time on 2.5, 5, 10, and 15 MHz. The types o f  
i n f o r m a t i o n  broadcast a r e  a l s o  s i m i l a r  t o  
WV/WVH . 

JJY t ransmiss ions a re  cont inuous except 
f o r  i n t e r r u p t i o n s  between minutes 25 and 34. 
The c a l l  l e t t e r s  a re  announced s i x  t imes an 
hour a t  9, 19, 29, 39, 49, and 59 minutes 
a f t e r  each hour. The 1 Hz modulat ion pulses 
a re  o f  5 m i l l i s e c o n d s  d u r a t i o n  (8 cyc les  o f  
1600 Hz). The f i r s t  pu l se  i n  each minute i s  
preceded by a 600-Hz tone 655 m i l l i s e c o n d s  
long. The format  i s  modulated by 1000 Hz f o r  
i n t e r v a l s  o f  0 t o  5, :O t o  15, 20 t o  25, 30 t o  
35, 40 t o  45, and 50 t o  55 minutes,  exc lud ing  
t h e  pe r iods  o f  40 m i l l i s e c o n d s  be fo re  and 
a f t e r  each second pulse.  The h o u r l y  modula- 
t i o n  schedule, waveform o f  second pulses,  and 
i d e n t i f i c a t i o n  o f  minute s i g n a l  by preceding 
marker a re  shown i n  f i g u r e  5.6. 

I A3 ANNOUNCEMENT /T IME SIGNAL I N  A3 

T IME I S  GIVEN I N  SLOW-SPEED TELEGRAPHY AT 0735, 0750, 0805, 0820, 1035, 1050, 1105, 
AND 1120 HRS UTC. 

DURING SUMMER TIME, THE EMISSIONS ARE ADVANCED BY 1 HOUR. 

FIGURE 5.5. TRANSMISSION SCHEDULE OF IAM. 
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( 1  ) Hourly modulation schedule 

- 

0 5 10 15 20 25 30 35 40 45 50 55 Omin 

~y",;Is;:~~~ -$ se;,enc;oynd pulses 

1 second pulses and 
identifying signals 

(2) Wave form of  second pulses 

lOOOHz tone 1600Hz tone lOOOHz tone 
or non modul or non modul 

--- 40 ms 3 5 ms - 40 ms -- 
exact time (second) 

(3) Identification of minute signal by preceding marker 

1000Hz tone lOOOHz tone 
00s or non modul or non modul 59' 600Hz tone 

- 4 0 1  -40- 655 ms--300ms* r 4 0 -  

5 ms 5 ms 

(4) Identifying signals 

a) Call sign twice by the Morse code 
b)  Time in J. S. T. once by the Morse code 
c )  Call  sign twice in voice 
d) Time in J. S. T. once in voice 
e) Radio propagation warning by the Morse code 

(N: Normal, U: Unstable, W:  Disturbed) 

Example D U T l  = +O 5s  

5 7 5 8 5 9  0 1 2  3 4 5 6 7 8 9' n n  n n n n  
5 ms 655ms 45ms 

11600Hzi (600Hz) ( 1600Hz) 
Second Preceding Lengthened second 
pulse marker for minute pulses 

Example D U T l  = -0 2s 

6 7 8 9 10 11 12 13 14 15 16 17 18' 

n n n  n n n n n n n n  

7 3  

FIGURE 5.6. JJY EMISSION 
SCHEDULE. 

FIGURE 5.7. METHOD OF 
INDICATING 
DUTl ON JJY. 



OUT1 i s  g i ven  once each minute t o  t h e  
neares t  0.1 second. The magnitude and s i g n  
a re  i n d i c a t e d  by t h e  number and p o s i t i o n  o f  
t h e  lengthened second pu lses  o f  45 ms d u r a t i o n  
o f  1600 Hz. I d e n t i f y i n g  s i g n a l s  and t h e  
method o f  i n d i c a t i n g  DUTl a r e  shown i n  f i g u r e s  
5.7. For a d d i t i o n a l  d e t a i l s ,  see Table 5.1. 

5.1.7 OMA 

S t a t i o n  OMA i n  L i b l i c e ,  Czechoslovakia, 
operates on 2.5 MHz. The s t a t i o n  t ransmi t s  
seconds, minutes,  and f i ve-minutes  marks 
formed by i n t e r r u p t i n g  the  1-kHz s u b c a r r i e r  
f o r  5 m i l l i seconds ,  100 m i l l i seconds ,  and 500 
m i l l i s e c o n d s ,  r e s p e c t i v e l y .  The modu la t ion  
schedule, as fo l l ows ,  i s  repeated each hour: 

Minute 00-01, 15-16, 30-31, 45-46: 

10 t imes OMA i n  Morse Code, 800 Hz 
tone. 

Minute 01-05, 16-20, 31-35, 46-50: 

1 kHz standard f requency t r a n s m i t t e d  
f rom 6 hours t o  18 hours UT on ly ;  
rep laced by  seconds pu lses  t h e  r e s t  
o f  t he  day. 

Minute 05-15, 25-30, 35-40, 50-60: 

Seconds pu lses  5 m i l l i s e c o n d s  long, 
each 6 0 t h  p u l s e  i s  100 m i l l i seconds ,  
each 300th pu lse  i s  500 m i l l i s e c -  
onds. From 18 hours t o  6 hours UT, 
t h e  5 m i l l i s e c o n d  pu lses  rep lace  t h e  
1 kHz tone. 

Minute 20-25: 

C a r r i e r  f requency t ransmiss ion  w i t h -  
o u t  modul a t i  on. 

Minu te  40-45: 
Transmission i s  i n t e r r u p t e d .  

A t  t h e  end o f  t h e  15 th ,  30th,  45th,  and 
60 th  minute o f  t h e  hour,  a s h o r t  t ime  s i g n a l  
i s  t r a n s m i t t e d  c o n s i s t i n g  o f  s i x  second pu lses  
100 m i l l i s e c o n d s  long. See Table 5.1 f o r  
f u r t h e r  d e t a i l s .  

Lyndhurst ,  V i c t o r i a .  Th i s  s e r v i c e  t r a n s m i t s  
p r e c i s e  t ime  s i g n a l s  and r a d i o  f requenc ies  on 
a schedule designed t o  p rov ide  an A u s t r a l i a -  
wide coverage. The t r a n s m i t t i n g  schedule 
i s  shown below. 

SCHEDULE OF FREQUENCIES 

TIMES OF EMISSION FREQUENCY 

UTC AEST AEDT MHz 

0945-2130 1945-0730 2045-0830 4.5 

2245-2230 0845-0830 0945-0930 7.5 

2145-0930 0745-1930 0845-2030 12.0 

UTC: Un iversa l  Coordinated Time 

AEST: A u s t r a l i a n  Eas tern  Standard Time 

AEDT: A u s t r a l i a n  Eas tern  D a y l i g h t  Time 

A. Time S igna ls  

Seconds markers a re  t r a n s m i t t e d  by double- 
sideband ampl i tude modu la t ion  o f  t h e  c a r r i e r  
and c o n s i s t  o f  va r ious  l e n g t h  b u r s t s  o f  1000 
Hz tone. The s t a r t  o f  a tone b u r s t ,  which 
commences a t  a zero-c ross ing  o f  t h e  s i n e  wave 
( i n c r e a s i n g  c a r r i e r  power), marks t h e  s t a r t  o f  
a seconds i n t e r v a l .  

8. Time Code 

Seconds markers a r e  normal ly  50 m i l l i s e c -  
onds o f  1000 Hz. Seconds markers 55 t o  58 a r e  
5 m i l l i s e c o n d s  o f  1000 Hz. Seconds marker 59 
i s  omi t ted .  

Minu te  marker (seconds marker 60) i s  500 
m i l l i s e c o n d s  o f  1000 Hz. Dur ing  t h e  5 th ,  
l o t h ,  15th,  e t c .  minutes,  seconds markers 50 
t o  58 a r e  5 m i l l i s e c o n d s  o f  1000 Hz. 

Dur ing  t h e  15 th ,  30 th ,  45th,  and 60 th  
minutes,  a s t a t i o n  i d e n t i f i c a t i o n  announcement 
i s  g i ven  w i t h o u t  i n t e r r u p t i o n  t o  t h e  t ime  
s igna ls .  Dur ing  t h e  f i r s t  15 seconds o f  each 
minute,  a group o f  emphasized seconds markers 
(emphasized by 50 m i l l i s e c o n d s  o f  900 Hz tone 
immediately f o l  low i i ig  t h e  normal seconds mar- 
kers )  g i ves  t h e  UT1 c o r r e c t i o n .  The t ime  code 
fo rmat  i s  shown i n  f i g u r e  5.8. 

5.1.8 VNG 
C. !4nnouncements 

The A u s t r a l i a n  Telecommunications Commis- 
s i o n  prov ides  HF s tandard  f requency and t ime  
s i g n a l s  broadcasts f rom r a d i o  s t a t i o n  VNG a t  

The announcement g i ves  s t a t i o n  i d e n t i f i -  
c a t i o n  ( c a l l  s i g n  and frequenci.es) i n  Eng l i sh  
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0 
60 

45 ONE HOUR OF 

4 

15 

SECONDS MARKERS ARE NORMALLY 50 MILLISECONDS LONG. 

SECONDS MARKER 5 9  I S  OMITTED. MINUTE MARKER (SEC- 
ONDS MARKER 60) I S  500 MILLISECONDS LONG. 

STATION IDENTIFICATION ANNOUNCEMENT ( I r i  
ENGLISH) IS G I V E N  DURING THE 15TH,30TH, 45TH 
AND 60TH MINUTES OF THE HOUR WITHOUT I N T E R -  
RUPTION TO THE T I M E  SIGNALS. 
DURING THE 5TH, lOTH, 15TH, ETC., MINUTES, 
SECONDS MARKERS 50 TO 58 ARE 5 MILLISECONDS 
LONG. n DURING NORMAL MINUTES, SECONDS MARKERS 
55 TO 58 ARE 5 MILLISECONDS LONG. 

FIGURE 5.8. 

and i s  approx imate ly  30 seconds long, f i n i s h -  
i n g  approx imate ly  10 seconds be fo re  each quar- 
t e r  hour. The speech i s  "notched" t o  a l l o w  
t h e  seconds markers t o  con t inue  and has spec- 
t r a l  components around 1000 Hz reduced t o  
avo id  erroneous opera t i on  o f  tuned- re lay  t ime  
s i g n a l  rece ive rs .  

D. DUTl Code 

The d i f f e r e n c e  between UTC and UT1 (DUT1) 
i s  g i ven  by t h e  number o f  consecut ive  empha- 
s i z e d  seconds markers, each one rep resen t ing  
0.1 second. DUTl i s  p o s i t i v e  when t h e  f i r s t  
emphasized marker o f  a group i s  seconds marker 
1 ( i . e . ,  t h e  marker f o l l o w i n g  t h e  minu te  mar- 
ker ) .  DUTl i s  negat ive  when t h e  f i r s t  empha- 
s i z e d  marker o f  a group i s  seconds marker 9. 
DUTl i s  zero  i f  no seconds markers a re  
emphasized. 

E. Accuracy 

C a r r i e r  f requenc ies  and 1000 Hz tone as 
e m i t t e d  by VNG a re  main ta ined w i t h i n  1 p a r t  
i n  1O1O o f  Telecom A u s t r a l i a ' s  standard o f  
f requency (24 hour average va lue) .  As r e -  
ce ived,  t h e  accuracy may be degraded t o  t h e  
o rde r  o f  1 p a r t  i n  l o 7  due t o  t h e  ionosphere. 

Time i n t e r v a l  as e m i t t e d  ( i . e . ,  e lapsed 
t ime  between any two seconds markers) has t h e  
same accuracy as t h e  c a r r i e r  f requenc ies  
except f o r  i n t e r v a l s  which i n c l u d e  s tep  
adjustments. 

Time o f  day as e m i t t e d  i s  ma in ta ined 
w i t h i n  100 microseconds o f  Telecom A u s t r a l i a ' s  
standard o f  Coordinated Un iversa l  Time, 

VNG TIME CODE. 

UTC(ATC). As rece ived,  t h e  s i g n a l s  may 
e x h i b i t  j i t t e r  o f  t h e  o rde r  o f  1 m i l l i s e c o n d  
rms due t o  t h e  ionosphere. 

The Telecom A u s t r a l i a  s tandard  r e f e r r e d  
t o  above i s  based on cesium beam frequency and 
t i m e  standards a t  t h e  Research Labora to r ies  i n  
Melbourne. Th is  standard i s  ma in ta ined such 
t h a t  i t s  va lue  o f  f requency and t ime  i n t e r v a l  
i s  w i t h i n  a few p a r t s  i n  1 0 l 2  o f  t h e  i n t e r -  
n a t i o n a l  d e f i n i t i o n  o f  t ime  i n t e r v a l .  Time- 
o f -day  s i g n a l s  generated by t h e  Telecom 
A u s t r a l  i a  standard a re  main ta ined w i t h i n  about 
100 microseconds o f  t h e  i n t e r n a t i o n a l  s tandard  
o f  UTC as determined by t h e  BIH. 

F. Frequency and Time Genera t ing  Equipment 

The genera t i ng  equipment i s  a t  Lyndhurst  
and inc ludes  p r e c i s i o n  quar t z  o s c i l l a t o r s ,  
f requency syn thes i ze rs ]  t ime  code genera tors ,  
announcing machines, and superv isory  alarms. 

A ve ry  low frequency s i g n a l ,  sen t  v i a  
l a n d l i n e  f rom t h e  Telecom A u s t r a l i a  standard 
i n  Melbourne, c o n t r o l s  t h e  f requency o f  t h e  
o p e r a t i v e  quar t z  o s c i l l a t o r  w i t h i n  1 p a r t  i n  
10". Regular v i s i t s  w i t h  a p o r t a b l e  c l o c k  
ensure t h a t  t h e  VNG s i g n a l s  t y p i c a l l y  remain 
w i t h i n  20 microseconds o f  UTC(ATC). General 
i n f o r m a t i o n  i s  shown i n  Table 5.1.  

5.1.9 ZUO 

Radio s t a t i o n  ZUO i s  operated by t h e  
P rec i se  Phys ica l  Measurements D i v i s i o n  o f  t h e  
Na t iona l  Phys ica l  Research Labora tory  (NPRL) 
i n  P r e t o r i a ,  South A f r i c a .  The s i g n a l s  a re  
generated a t  NPRL and broadcas t  by t h e  Post 
O f f i c e  t r a n s m i t t i n g  s t a t i o n  a t  01 i f a n t s f o n -  
t e i  n. 
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EXAMPLES 

I .  DU11 = + 0 . 3  second 
Ixngfhened 

seconds 

FIGURE 5.9. DUTl CODE ON ZUO. 

A. C a r r i e r  Frequencies and 

Times o f  Transmission 

Z30 t r a n s m i t s  on 2.5 and 5 MHz. There i s  
a l s o  a 100 MHz t ransmiss ion  which w i l l  n o t  be 
discussed here. C a r r i e r  f requenc ies  a re  
normal ly  de r i ved  from a cesium beam frequency 
standard a t  NPRL. 

6. Standard Time I n t e r v a l s  and Time S igna ls  

The t r a n s m i t t e r s  a re  amp1 i tude modulated 
by t h e  t ime  s i g n a l s ,  t h e  t ime  d i f f e r e n c e  
(DUT1) code, and t h e  Morse Code announcements. 
The s i g n a l s  c o n s i s t  o f  one pu lse  p e r  second, 
each pu lse  c o n s i s t i n g  o f  5 cyc les  o f  1000 Hz. 
The f i r s t  pu l se  i n  every minute i s  lengthened 
t o  500 m i  11 i seconds. 

Morse Code announcements a re  made d u r i n g  
t h e  minute p reced ing  every  f i f t h  minute.  They 
c o n s i s t  o f  t h e  c a l l  s i g n  ZUO (repeated t h r e e  
t imes)  and t h e  Un iversa l  Time a t  t h e  nex t  
minute.  The c o r r e c t  t ime  i s  i n d i c a t e d  by  the  
beg inn ing  o f  a t ime  pu lse .  Double-sideband 
modu la t ion  i s  employed. Modu la t ion  o f  t h e  
f i r s t  h a l f  c y c l e  o f  each pu lse  i s  p o s i t i v e .  

C. Standard Audio Frequencies 

No cont inuous f requenc ies  a re  broadcast,  
b u t  i n  many cases t h e  i n t e r r u p t e d  1000 Hz 
tone, which c o n s t i t u t e s  t h e  t ime  s i g n a l  
pu lses ,  may be used as a standard frequency. 
The frequency o f  t he  Morse Code pu lses  i s  600 
Hz. 

D. Accuracy 

Time i n t e r v a l s  and standard f requenc ies  
correspond t o  t h e  adopted cesium beam frequen- 
c y  o f  9 192 631 770 Hz. The frequency from 
which a l l  o t h e r  ZUO f requenc ies  a r e  de r i ved  
can be r e l i e d  on t o  be w i t h i n  1 p a r t  i n  10 l1  
of  t h e  mean atomic f requency, as determined by 
t h e  BIH. Standard t ime  i n t e r v a l s  have t h e  
same accuracy;  i . e ,  1 x 10-l1, w i t h  an 
a d d i t i o n a l  u n c e r t a i n t y  o f  f 1 microsecond. 

Time s i g n a l s  a r e  Coordinated Un iversa l  
Time (UTC) and a re  kep t  w i t h i n  1 m i l l i s e c o n d  
o f  t h e  s i g n a l s  o f  o t h e r  coord ina ted  t ime  s ta -  
t i o n s .  To keep UTC i n  approximate agreement 
w i th  UT1, leap seconds a r e  i n s e r t e d  when d i -  
r e c t e d  by t h e  BIH. I n s e r t e d  seconds a re  known 
as p o s i t i v e  leap seconds, and omi t ted  seconds 
as negat ive  l eap  seconds. 

E. DUTl Code 

The approximate va lue  o f  t h e  d i f f e r e n c e  
UT1 - UTC, t o  t h e  neares t  10 th  o f  a second, i s  
denoted DUT1; i . e . ,  DUTl = UT1 - UTC. DUTl i s  
i n d i c a t e d  d u r i n g  the  f i f t een -second  p e r i o d  
f o l l o w i n g  each minute mark. Th is  i s  done by a 
group o f  lengthened second markers, t h e  number 
i n  t h e  group be ing  t h e  va lue  o f  DUTl i n  t e n t h s  
o f  a second. I f  t h e  group begins w i t h  t h e  
f i r s t  second marker a f t e r  t h e  announced min- 
u t e ,  DUTl i s  p o s i t i v e .  I f  t h e  group beg ins  
w i t h  t h e  n i n t h  second marker, DUTl i s  nega- 
t i v e .  I f  the re  a re  no lengthened second mark- 
e rs ,  DUTl i s  zero. Examples a re  shown i n  
f i g u r e  5.9. 
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5.2 

- 

- R F  A4=, - 1ST - I F  2ND - I F  
AMPL M I X E R  AMPL M I X E R  AMPL - . 

RECEIVER SELECTION 

A G C  +METER 

I 

D E T  - AMPL A F  

Th is  and t h e  f o l l o w i n g  sec t i ons  d iscuss  
t h e  use o f  HF broadcasts f o r  f requency and 
t ime  c a l i b r a t i o n s .  For convenience, we w i l l  
r e f e r  t o  ma in l y  t o  WV; however, t h e  discus- 
s ions  a l s o  app ly  t o  o t h e r  HF broadcasts.  

The r e c e p t i o n  and use o f  shortwaves can 
be qui te  t r icky.  However, f o r  many l o c a t i o n s ,  
s imp le  rece ive rs  and antennas work w e l l  most 
o f  t h e  t ime. Also,  t h e r e  a re  many separate 
s i g n a l s  a v a i l a b l e  f rom WWV and WVH. By 
choosing from among t h e  many combinations of 
f requenc ies  and d is tances  i nvo l ved ,  a s o l u t i o n  
u s u a l l y  can be found f o r  any problem. 

For  those users who must have t h e  very  
b e s t  s i g n a l  most o f  t he  t ime, t h i s  s e c t i o n  
discusses several  methods a v a i l a b l e  t o  so l ve  
r e c e p t i o n  problems. The user i s  a l s o  encour- 
aged t o  use o t h e r  re fe rences  on HF propaga- 
t i o n ,  antennas, and r e c e i v e r  s e l e c t i o n  and 
o p e r a t i  on. 

Almost any shortwave r e c e i v e r  can be used 
t o  rece ive  HF s i g n a l s  f o r  t ime  and frequency 
c a l i b r a t i o n s .  However, f o r  accura te  t ime  and 
frequency c a l i b r a t i o n s ,  e s p e c i a l l y  i n  no i sy  
l o c a t i o n s ,  i t  i s  impor tan t  t o  have a good 
antenna-ground system and a r e c e i v e r  w i t h  
optimum s e n s i t i v i t y ,  s e l e c t i v i t y ,  image re -  
j e c t i o n ,  and frequency o r  phase s t a b i l i t y .  A 
b l o c k  diagram o f  a t y p i c a l  high-performance 
r e c e i v e r  i s  shown i n  f i g u r e  5.10. 

The f i r s t  requirement o f  a good r e c e i v e r  
i s  s e n s i t i v i t y .  Therefore,  a tuned RF ampl i -  
f i e r  i s  d e s i r a b l e  because i t  increases sens i -  

I 
I 
I 

I_,-- V FO XTAL 
os  c I 

Y 
S P E A K E R  

I 
I 
I 
I 
I 
I 
I 

ts 

t i v i t y .  The nex t  requirement i s  s e l e c t i v i t y .  
Th i s  i s  t h e  a b i l i t y  o f  a r e c e i v e r  t o  r e j e c t  
nearby s i g n a l s  t h a t  i n t e r f e r e  w i t h  t h e  d e s i r e d  
s igna l .  S e l e c t i v i t y  i s  achieved by he tero-  
dyn ing  ( t r a n s l a t i n g )  t h e  incoming s i g n a l  t o  a 
much lower  f i x e d  frequency ( u s u a l l y  455 kHz) 
c a l l e d  t h e  i n te rmed ia te  f requency ( IF).  The 
I F  a m p l i f i e r s  a re  f i xed - tuned  f o r  maximum g a i n  
w i t h  a r e l a t i v e l y  narrow frequency pass band. 
Of ten ,  e i t h e r  c r y s t a l  o r  mechanical f i l t e r s  
a re  used i n  t h e  I F  stages t o  p rov ide  an even 
narrower pass band o f  f requenc ies  t o  r e j e c t  
i n te r fe rence .  

The t h i r d  f e a t u r e  o f  a good r e c e i v e r  i s  
t h e  a b i l i t y  t o  r e j e c t  i n t e r f e r e n c e  from an 
undes i red  s i g n a l  a t  what i s  c a l l e d  t h e  image 
frequency. Since t h e  I F  s i g n a l  i s  t h e  d i f f e r -  
ence between the  l o c a l  o s c i l l a t o r  f requency 
and t h e  incoming s i g n a l ,  t h e r e  a re  always two 
d i f f e r e n t  incoming s i g n a l s  t h a t  can produce 
t h e  same I F  s i g n a l .  One i s  above and t h e  
o t h e r  below t h e  o s c i l l a t o r  frequency. 

For  example, a r e c e i v e r  w i t h  an i n t e r -  
mediate f requency o f  455 kHz tuned t o  WWV a t  
10.0 MHz would have an osc i  11 a t o r  f requency 
o f  10.455 MHz (10.455 - 10.0 = 455). However, 
i f  another s i g n a l  w i t h  a f requency o f  approx i -  
mate ly  10.910 MHz i s  p resent ,  another " d i f f e r -  
ence" s i g n a l  o f  455 kHz i s  produced (10.910 
- 10.455 = 455). Thus, i f  two s i g n a l s  a re  
separated by tw ice  t h e  i n te rmed ia te  f requency 
and t h e  o s c i l l a t o r  f requency f a l l s  between t h e  
two s igna ls ,  an unwanted image s i g n a l  r e s u l t s .  
Table 5.2 l i s t s  va r ious  d i a l  s e t t i n g s  and 
corresponding o s c i l l a t o r  f requenc ies  t h a t  can 
rece ive  WV s i g n a l s  as image f requenc ies  i f  
t h e  r e c e i v e r  I F  i s  455 kHz. 

O F F  

P 

I 

ESELECT R M A I N  T U N I N G  

OUTPUT 

FIGURE 5.10. BLOCK DIAGRAM OF A TYPICAL HIGH-PERFORMANCE HF RECEIVER.  
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TABLE 5.2 IMAGE FREQUENCIES FOR WWV/WWVH 

2.045 1.590 2.500 
2.955 3.410 2.500 

4.545 4.090 5.000 
5.455 5.910 5.000 

9.545 9.090 10.000 
10.455 10.910 10.000 

OSCILLATOR IMAGE DIAL 
FREQUENCY FREQUENCY FREQUENCY FREQUENCY 

(MHZ) (MHz) (MHz 1 

OSCILLATOR IMAGE 
FREQUENCY FREQUENCY 

(MHz) (MHz 1 . ,  

14.545 14.090 15.000 
15.455 15.910 15.000 

19.545 1 g .090 20.000 
20.455 20.910 20 .ooo 

Images occur because t h e  I F  s i g n a l  i s  
very  low i n  f requency ( i . e . ,  455 kHz) r e l a t i v e  
t o  the  h igh  frequency o f  t he  incoming s i g n a l  
( i . e . ,  10 MHz). Thus, t he  RF a m p l i f i e r  may 
have i n s u f f i c i e n t  s e l e c t i v i t y  t o  r e j e c t  i n t e r -  
ference which i s  r e l a t i v e l y  c l o s e  t o  the  
des i red  s i g n a l .  I n  the  above example, t he  
unwanted s i g n a l  i s  o n l y  0.910 MHz away from 10 
MHz and, i f  s t rong ,  might  e a s i l y  pass through 
t h e  RF stage i n t o  t h e  mixer  and produce an 
image I F  s i g n a l .  

To so l ve  t h i s  problem, a h i g h  q u a l i t y  
r e c e i v e r  u s u a l l y  employs double convers ion o r  
two mixer  stages. It heterodynes i n  two steps 
t o  make image r e j e c t i o n  eas ie r .  The f i r s t  
mixer  stage conver ts  the  incoming s i g n a l  t o  a 
h igh  i n te rmed ia te  f requency ( u s u a l l y  g r e a t e r  
than 1 MHz). Any images produced w i l l  be 
separated by more than 2 MHz from t h e  des i red  
s i g n a l .  For example, i f  a r e c e i v e r  has a 
f i r s t  mixer  I F  s i g n a l  o f  1.5 MHz, t h e  image 
s i g n a l  w i l l  be t w i c e  the  I F  s i g n a l  o r  3 .0 MHz 
above the  des i red  s i g n a l .  Since 3 .0  MHz i s  
now r e l a t i v e l y  l a r g e  compared t o  t he  incoming 
s i g n a l ,  t h e  RF stage pass band i s  u s u a l l y  
s e l e c t i v e  enough t o  r e j e c t  t he  undesi red 
images. For the  r e q u i r e d  a d d i t i o n a l  se lec-  
t i v i t y  and gain,  a second mixer  stage i s  added 
t o  produce a lower  second I F  f requency, thus 
s o l v i n g  t h e  image problem. 

A l o c a l  c r y s t a l  o s c i l l a t o r  can be used i n  
these convers ion processes t o  p rov ide  t u n i n g  
s t a b i l i t y .  Other i n f o r m a t i o n  rega rd ing  w e l l -  
designed r e c e i v e r s  can be found i n  such 
reference m a t e r i a l  as the  Radio Amateur's 
Handbook. 

I f  a l l  t he  above seems t o o  confus ing,  
d o n ' t  worry.  Many sma l l ,  inexpensive imported 
and domestic r e c e i v e r s  work very w e l l .  I n  
f a c t ,  severa l  r e c e i v e r s  have spec ia l  bu t tons  
t h a t  you can push and the  r e c e i v e r  automat ic-  
a l l y  tunes i t s e l f  t o  WV. I f  t i m i n g  i s  a 
spec ia l  problem i n  your  home o r  business, o f  
course check o u t  t he  r e c e i v e r  ve ry  c a r e f u l l y  
be fo re  you purchase it. Image and i n t e r f e r e n c e  

s i g n a l s  come and go so they may n o t  p e r s i s t  
l ong  enough t o  be a se r ious  problem. The s i n -  
g l e  bes t  o p t i o n  t o  l o o k  f o r  i n  a r e c e i v e r  i s  
t he  p r o v i s i o n  f o r  an e x t e r n a l  antenna. This  
may be j u s t  a s h o r t  w i r e  on t h e  w i n d o w s i l l  o r  
an e labo ra te  r o o f t o p  i n s t a l l a t i o n .  Fancy 
knobs and adjustments won ' t  he lp  much i f  you 
c a n ' t  g e t  a good s i g n a l .  

5.3 C H O I C E  OF ANTENNAS AND 
SIGNAL CHARACTERISTICS 

A good antenna i s  impor tan t  i f  you want 
s t rong,  n o i s e - f r e e  s i g n a l s .  However, f o l l o w  
t h e  bas i c  r u l e  o f  "us ing  what you have a v a i l -  
ab le. "  Many r e c e i v e r s  w i t h  b u i l t - i n  antennas 
work q u i t e  s a t i s f a c t o r i l y .  Of ten,  adding a 
s h o r t  p iece  o f  w i r e  t o  t h e  e x i s t i n g  r e c e i v e r  
antenna w i l l  b r i n g  i n  a s t ronger  s i g n a l  t h a t  
can be heard w e l l  enough t o  s e t  you r  watch. 

But  f o r  t he  se r ious  l i s t e n e r  o r  t h e  
metro logy l a b  t h a t  depends on WV o r  o t h e r  HF 
s i g n a l s  f o r  c a l i b r a t i o n s ,  something more i s  
needed. I n  the  m a t e r i a l  t h a t  f o l l o w s ,  t he  
r u l e s  f o r  antenna s e l e c t i o n  and i n s t a l l a t i o n  
a re  discussed w i t h  respec t  t o  choices a v a i l -  
able.  Companies t h a t  s e l l  WWV r e c e i v e r s  o f t e n  
o f f e r  antennas. These have been proven by use 
and t h e  i n s t r u c t i o n s  i nc luded  w i t h  them w i l l  
he lp  a l o t  i n  g e t t i n g  a good usable s i g n a l  f o r  
f requency and t ime c a l i b r a t i o n s .  

The s i g n a l  power as rece ived  a t  g r e a t  
d i s tances  from HF s t a t i o n s  may be r e l a t i v e l y  
weak. As t he  d i s tance  i s  increased, t h e  s i g -  
na l  decreases i n  s t r e n g t h  so an antenna w i t h  
maximum e f f i c i e n c y  produces the  b e s t  r e s u l t s .  
Radio waves a r r i v e  a t  d i f f e r e n t  v e r t i c a l  
angles,  c a l l e d  the  wave o r  r a d i a t i o n  angle.  
The wave angle o f  an a r r i v i n g  s i g n a l  depends 
on the  d i s tance  between the  t r a n s m i t t i n g  and 
r e c e i v i n g  s t a t i o n s  and a l s o  on t h e  h e i g h t  o f  
t h e  ionosphere. The c l o s e r  t h e  r e c e i v i n g  
s t a t i o n  and t h e  h ighe r  the  ionosphere,  t he  
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l a r g e r  the  wave angle. Therefore,  an antenna 
should be selected and oriented that  favors 
t he  wave angle ( e l e v a t i o n )  as w e l l  as the  
d i r e c t i o n  (azimuth).  Determining wave angles 
i s  discussed more f u l l y  i n  Sec t ion  5.6.  

Many HF s t a t i o n s  t r a n s m i t  on a number of 
f requencies.  Because o f  changes i n  ionospher-  
i c  cond i t i ons ,  which sometimes adverse ly  
a f f e c t  t h e  s i g n a l  t ransmiss ions ,  most rece iv -  
e r s  a re  n o t  ab le  t o  p i c k  up t h e  s i g n a l s  on a l l  
f requenc ies  a t  a l l  t imes i n  a l l  l o c a t i o n s .  
Except d u r i n g  t imes o f  severe magnetic d i s t u r -  
bances, however--which make r a d i o  t ransmis- 
s ions  almost impossible--users should be ab le  
t o  rece ive  t h e  s i g n a l  on a t  l e a s t  one o f  t he  
broadcast f requencies.  A s  a general  r u l e ,  
f requenc ies  above 10 MHz p rov ide  t h e  b e s t  
daytime recep t ion  w h i l e  the  lower f requencies 
a re  b e s t  f o r  n i g h t t i m e  recept ion .  

An a l l - band  antenna capable o f  cover ing  
t h e  e n t i r e  HF band i s  commercial ly a v a i l a b l e .  
These a re  used f o r  around-the-clock communi- 
c a t i o n  purposes where the  e n t i r e  HF band must 
be used f o r  maximum r e l i a b i l i t y .  Such an 
antenna i s  very  l a r g e  and cumbersome as w e l l  
as expensive. Depending on l o c a t i o n ,  an 
antenna and a r e c e i v e r  capable o f  r e c e i v i n g  
two o r  more f requenc ies  may be requ i red .  Any 
o f  t he  d i f f e r e n t  WV f requenc ies  t r a n s m i t t e d  
may be rece ived depending upon d is tance,  t ime 
o f  day, month, season, and sunspot cyc le .  
Each frequency w i l l  be discussed w i t h  t h e  type  
o f  antenna most s u i t a b l e  f o r  i t s  recept ion .  
Al though WV and WVH are  n o t  c u r r e n t l y  broad- 
c a s t i n g  on 25 MHz, t h i s  frequency i s  a l s o  
discussed. 

I n  the  f o l l o w i n g  d iscuss ion ,  ment ion i s  
made o f  sunspot cyc les .  These cyc les  occur 
w i t h  a p e r i o d i c i t y  o f  about every eleven 
years.  Propagat ion c h a r a c t e r i s t i c s  a t  h i g h  
f requenc ies  are  g r e a t l y  a f f e c t e d  by t h e  sun- 
spot  cyc les .  One s o l u t i o n  t o  t h e  problem i s  
t o  s e l e c t  another frequency t h a t  w i l l  work and 
t o  i gno re  t h e  ones t h a t  won ' t .  For those 
users who want t o  understand t h e  propagat ion  
e f f e c t s  and t o  counterac t  t h e  coming sunspot 
cyc les  by antenna s e l e c t i o n  and placement, we 
recommend f u r t h e r  read ing  on t h i s  sub jec t .  
I n f o r m a t i o n  on sunspots i s  a v a i l a b l e  f rom t h e  
Space Environment Lab, NOAA, U. S. Department 
o f  Commerce. Minimums i n  t h e  sunspot c y c l e  
occurred i n  1954 apd 1965. The corresponding 
maximums were i n  1958 and 1969, and another 
w i l l  p robab ly  occur i n  1980. 

ANTENNAS FOR THE 2.5 TO 4 MHz RANGE. 

S igna ls  a t  these f requenc ies  have a very  
s h o r t  range du r ing  t h e  day because o f  ground- 
wave propagat ion  l i m i t a t i o n s .  Daytime use i s  
l i m i t e d  t o  l o c a t i o n s  w i t h i n  one t o  two hundred 
m i les  f rom t h e  t r a n s m i t t e r .  They become 

use fu l  a t  n i g h t ,  however, e s p e c i a l l y  dur ing  
the winter season i n  t h e  higher lati tudes 
where longer  n i g h t s  p r e v a i l .  Reception i s  
then p o s s i b l e  over d is tances  o f  severa l  
thousand m i  1 es. 

The v e r t i c a l  quarter-wavelength monopole 
antenna has a r a d i a t i o n  p a t t e r n  t h a t  f avo rs  
recep t ion  a t  low wave angles and i s  very  
e f f e c t i v e  i n  r e c e i v i n g  l ong  d i s tance  skywave 
s i g n a l s  normal ly  a r r i v i n g  a t  angles o f  20 
degrees o r  l ess .  Th is  antenna i s  n o t  e f f e c -  
t i v e  f o r  recep t ion  o f  short-range skywave 
s i g n a l s  w i t h  l a r g e  wave angles,  b u t  i t  i s  
use fu l  f o r  r e c e i v i n g  weak groundwave s igna ls .  

For n i g h t t i m e  recep t ion  on paths up t o  
severa l  thousand m i les ,  t h e  skywave i s  p re-  
dominant and a h o r i z o n t a l  ha1 f-wavelength 
antenna i s  recommended. The antenna should be 
l oca ted  a quarter-wavelength o r  h ighe r  above 

-bround and separated from p o s s i b l e  i n t e r f e r i n g  
r e f l e c t i n g  obs tac les .  The quarter-wavelength 
v e r t i c a l  antenna and the  ha l f -wave length  
h o r i z o n t a l  d i p o l e  antenna a re  shown i n  f i g u r e  
5.11. To g e t  antenna dimensions f o r  CHU o r  
o t h e r  f requenc ies ,  r e f e r  t o  antenna manuals 
such as those pub l i shed  by t h e  American Radio 
Relay League. 

ANTENNAS FOR THE 4 TO 5 .0  MHz RANGE. 

These frequencies can be rece ived a t  
g rea te r  d is tances  than t h e  2.5 MHz frequency 
throughout the  day o r  n i g h t ,  e s p e c i a l l y  d u r i n g  
minimum sunspot cyc le .  Recept ion i s  p o s s i b l e  
up t o  1000 m i les  under i d e a l  cond i t i ons ,  b u t  
under normal cond i t i ons ,  daytime propagat ion  
cond i t i ons  l i m i t  i t s  use fu l  range. Therefore,  
recep t ion  i s  u s u a l l y  l i m i t e d  t o  l e s s  than 1000 
m i l e s  d u r i n g  the  day. Dur ing  t h e  n i g h t ,  5 MHz 
i s  a very  use fu l  frequency f o r  long-range 
recep t ion  except d u r i n g  maximum sunspot cyc le .  
I t  i s  e x c e l l e n t  d u r i n g  e a r l y  dawn and e a r l y  
evening i n  t h e  w i n t e r  months when t h e  s i g n a l  
p a t h  i s  i n  darkness. Hor i zon ta l  d i p o l e  anten- 
nas are  a good cho ice  f o r  t h i s  band. Users 
should a l s o  cons ider  t h e  p o s s i b i l i t y  o f  a 
mu l t iband antenna. 

ANTENNAS FOR THE 7 TO 10.0 MHz RANGE. 

A t  these f requenc ies ,  recep t ion  over 
g r e a t  d is tances  i s  p o s s i b l e  d u r i n g  t h e  day o r  
n i g h t .  They can be c l a s s i f i e d  as i n te rmed ia te  
f requenc ies  b u t  again,  they  a re  dependent upon 
t h e  sunspot cyc le .  Dur ing  minimum sunspot 
cyc le ,  g r e a t  d is tances  can be covered d u r i n g  
t h e  day when h ighe r  f requenc ies  cannot be 
rece ived.  Dur ing  maximum sunspot cyc le ,  these 
a re  probab ly  t h e  bes t  f requenc ies  t o  use dur-  
i n g  t h e  n i g h t  when t h e  lower  f requenc ies  
cannot be heard. Dur ing  maximum sunspot 
cyc le ,  recep t ion  i s  l i m i t e d  t o  s h o r t  d is tances  

83 



WOODEN P O L E  
G U Y  A S  N E E D E D  

FREQUENCY 
MHz 

2.5 

5 . 0  

10.0  

F A S T E N  E Y L  B O L T  
I T O  2 x 4  Y A R D  A R M  

' S T R A I 1 I  I N S U L A T O R S  

_- 

A T  t N 0  O F  V E R T I C A L  
A N T E N N A  

1/2 A HORIZONTAL 
D I POLE ANTENNA 

HE I GHT LENGTH 

56 .1  m 15 m TO 30 m 
187' 50 '  TO 100' 

28.07 m 9 m TO 15 m 
9 3 ' -  7'' 30 '  TO 50'  

14.05 m 7.5 m TO 15 m 
4 6 ' - 1 0 ' '  2 5 '  TO 50'  

-----YIO A U G  C O P P E R  ( n o )  

7.05 m 
2 3 ' -  6" I 10.0 

WRAP A N D  S O L O C R  
I N N E R  C D N D  O F  C O A X  
T O  L O W E R  E N D  O F  V E R T I C A L  / 

W I R E  F R O M  B R A I D  S O L D E R E D  / / T O  G N O  R A D I A L S  

WRAP F I N D S  O F  R A D I A L S  
A R O U N D  6 0 d  COMMON N A I L  

9 O R  M O R €  P A D I A L S  
F Q I I A L L Y  S P A C E D  A R O U N D  

1/4  A V E R T I C A L  
ANTENNA 
HE I GHT 

FREQUENCY 

v%, 
C O A X  

/ \$. 

FIGURE 5.11. QUARTER-WAVELENGTH ANTENNA AND HORIZONTAL HALF-WAVELENGTH ANTENNA. 
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~ ~ s ~ t n i o i l s  Frequency 1/4 A V e r t i c a l  Gnd Radial  
MHz H L 

15 

20 

25 

4.7 m 4.9 m 
15 ' -7" 16'-5" 

3.5 m 3.7 m 
1 1  ' -9" 12 ' -4" 

2 .8 m 2.95 m 
9 ' - 1 0'' g'-5" 

1 

Height 
A 

5.4 m 
18'  

3.9 m 
13' 

3.3 m 
1 1 '  

FIGURE 5.12. MODIFIED HALF-WAVELENGTH VERTICAL ANTENNA FOR USE AT 15, 20, AND 25 MHZ. 
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VERTICAL ANTENNA CONSTRUCTION. 

The v e r t i c a l  antenna which i s  f avo rab le  
t o  low wave-angle r e c e p t i o n  i s  p r e f e r a b l e  t o  
t h e  h o r i z o n t a l  ha l f -wave length  antenna and can 
r e a d i l y  be cons t ruc ted  as shown i n  f i g u r e  
5.12. The dimension o f  t h e  ground r a d i a l s  and 
o r i e n t a t i o n  as shown shou ld  be used t o  y i e l d  
approx imate ly  a 50 ohm antenna impedance. For 
a 70 - 90 ohm antenna, t h e  ha l f -wave length  
d i p o l e  mounted v e r t i c a l l y  w i l l  y i e l d  approx i -  
mate ly  t h e  c o r r e c t  impedance. I n  o rder  t o  
p reven t  i n t e r a c t i o n  between t h e  feed l i n e  and 
t h e  lower h a l f  o f  t h e  d i p o l e ,  which d i s t u r b s  
t h e  r a d i a t i o n  p a t t e r n ,  extend t h e  feed l i n e  
h o r i z o n t a l l y  outward severa l  f e e t  f rom t h e  
antenna be fo re  dropp ing  i t  v e r t i c a l l y  t o  t h e  
ground. 

5.4 USE OF HF BROADCASTS FOR 

TIME CALIBRATIONS 

Now t h a t  we have a r e c e i v e r  and an anten- 
na, we can proceed t o  make t ime  c a l i b r a t i o n s .  
I f  you r  accuracy requirements a r e  low, you can 
use t h e  vo i ce  t ime-of-day announcements. How- 
ever,  i f  you want h ighe r  accuracy, you  w i l l  
have t o  measure t h e  seconds t i c k s  o r  decode 
t h e  WV/WVH t ime  code. 

5 .4 .1  TIME-OF-DAY ANNOUNCEMENTS 

Time o f  day i s  a v a i l a b l e  f rom many sources 
i n  t h e  Un i ted  Sta tes  and Canada. Radio and 
t e l e v i s i o n  s t a t i o n s  ment ion t h e  t ime  f r e q u e n t l y  
and, i n  f a c t ,  use t h e  t ime  o f  day t o  schedule 
t h e i r  own opera t ions .  The telephone companies 
o f f e r  t ime-of-day se rv i ces  i n  most l o c a t i o n s .  
But  where does t h e  t ime  come from? 

Most t ime-of-day se rv i ces  i n  t h e  U. S. 
s t a r t  a t  t h e  Na t iona l  Bureau o f  Standards. An 
NBS telephone s e r v i c e  i s  a v a i l a b l e  by  c a l l i n g  
(303) 499-7111. I n  a d d i t i o n ,  WV and WVH 
broadcas t  vo i ce  t ime-of-day announcements once 
each minute.  Th is  i s  a l s o  t h e  case f o r  CHU 
where t h e  t ime  announcements a re  g i ven  a l t e r -  
n a t e l y  i n  French and Eng l ish .  Using t h e  WV 
vo ice  announcement and t h e  tone f o l l o w i n g  t h e  
words, " A t  t h e  tone, X X X X  hours XXXX minutes 
Coordinated Un iversa l  Tim+," a person can 
check a w a l l  c l o c k  o r  w r i s twa tch  t o  w i t h i n  a 
f r a c t i o n  o f  a second. The UTC t ime  t h a t  i s  
announced can be conver ted  t o  l o c a l  t ime  by 
us ing  t h e  map i n  Chapter 2. 

5.4.2 USING THE SECONDS TICKS 

For  accura te  t ime  recovery,  we cannot 
j u s t  l i s t e n .  We must r e l y  on e l e c t r o n i c  equip- 
ment. By us ing  an e l e c t r o n i c  osc i l l oscope  t o  

see t h e  t i c k s ,  t h e  user can s e t  c locks  w i t h  
much g r e a t e r  accuracy than i s  p o s s i b l e  by o n l y  
l i s t e n i n g  t o  t h e  t i c k s .  An osc i l l oscope  i s  a 
necess i t y  when d e a l i n g  w i t h  no i sy  s i g n a l s  t h a t  
fade. 

The f o l l o w i n g  descr ibes  ways t o  g e t  t ime  
o f  day w i t h  r e s o l u t i o n s  b e t t e r  than 1 m i l l i -  
second (1000 microseconds) by us ing  an o s c i l -  
loscope. Under ve ry  favo rab le  cond i t i ons ,  i t  
i s  p o s s i b l e  t o  e s t a b l i s h  t ime  synch ron iza t i on  
t o  about 100 microseconds. I n  each case, p a t h  
and equipment t ime  de lay  c o r r e c t i o n s  a re  
necessary f o r  accura te  r e s u l t s .  

I n  o rde r  t o  achieve the  b e s t  r e s u l t s  i n  
any o f  these measurement methods, t h e  f o l l o w -  
i n g  guide1 ines  a r e  recommended: 

1. Make you r  measurements a t  t h e  same 
t ime  every  day. 

Avo id  t w i l i g h t  hours when t h e  iono- 
sphere i s  t h e  l e a s t  s tab le .  

3. Use t h e  h ighes t  c a r r i e r  f requency 
wh ich  prov ides  c o n s i s t e n t l y  good 
recep t ion .  

Look a t  t h e  rece ived  s i g n a l s  on t h e  
o s c i l l o s c o p e  f o r  a few minutes t o  
judge t h e  s t a b i l i t y  o f  p ropagat ion  
c o n d i t i o n s  and s e l e c t  t h a t  p a r t  o f  
t h e  t i m i n g  waveform t h a t  i s  most 
cons i s ten t .  

2. 

4. 

Since r e c e i v e r  and propagat ion  t ime  de lays  a re  
so impor tan t ,  they  w i l l  be discussed be fo re  we 
go i n t o  t h e  d e t a i l s  o f  pe r fo rm ing  t i m i n g  
c a l i b r a t i o n s .  

A. Receiver Time Delay Measurements 

For accuracy i n  t ime-se t t i ng ,  t h e  rece iv -  
e r  de lay  must be known. Typ ica l  de lays  i n  
r e c e i v e r  c i r c u i t s  a re  u s u a l l y  l e s s  than  a 
m i l l i s e c o n d .  However, t hey  should be known t o  
t h e  user who wants t h e  ve ry  b e s t  t i m i n g  accu- 
racy .  The a c t u a l  de lay  i n  t h e  r e c e i v e r  w i l l  
va ry  w i t h  t u n i n g  and knob s e t t i n g s .  

To measure t h e  r e c e i v e r  t ime  de lay ,  t h e  
f o l l o w i n g  equipment i s  requ i red :  An o s c i l l o -  
scope w i t h  accu ra te l y  c a l i b r a t e d ,  e x t e r n a l l y -  
t r i g g e r e d  t ime  base; an HF s i g n a l  genera tor ;  
and an audio s i g n a l  generator.  The equipment 
i s  connected as shown i n  f i g u r e  5.13. 

The main t u n i n g  d i a l  o f  t h e  r e c e i v e r  
shou ld  be s e t  a t  t h e  exac t  p o s i t i o n  f o r  re -  
c e i v i n g  WWV/WVH s igna ls .  Th is  i s  because t h e  
r e c e i v e r  de lay  t ime  v a r i e s  w i t h  s l i g h t l y  d i f -  
f e r e n t  r e c e i v e r  d i a l  p o s i t i o n s .  There fore ,  
t h e  r e c e i v e r  t u n i n g  shou ld  be s e t  and marked 
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FIGURE 5.13. EQUIPMENT SETUP FOR RECEIVER TIME DELAY MEASUREMENTS. 

where the  maximum s i g n a l  i s  received. The 
frequency o f  t h e  HF s i g n a l  genera tor  i s  then 
ad jus ted  f o r  peak r e c e i v e r  ou tpu t .  

The aud io  s i g n a l  genera tor  i s  s e t  t o  a 1 
kHz ou tpu t  f requency. A h i g h  accuracy 1 kHz 
s i g n a l  i s  n o t  requ i red .  The HF genera tor  i s  
ex te rna l  l y  modulated by t h e  1 kHz s i g n a l .  The 
o s c i l l o s c o p e  sweep r a t e  i s  s e t  t o  100 mic ro-  
seconds/d iv is ion  w i t h  p o s i t i v e  ex te rna l  t r i g -  
g e r i n g  f rom t h e  1 kHz s igna l .  The v e r t i c a l  
a m p l i f i e r  g a i n  i s  s e t  h i g h  f o r  a l a r g e  v e r t i -  
c a l  d e f l e c t i o n .  The v e r t i c a l  p o s i t i o n  c o n t r o l  
i s  ad jus ted  f o r  zero  base l i ne  w i t h  no i n p u t  
s i g n a l .  

I n i t i a l l y ,  t h e  1 kHz s i g n a l  genera tor  i s  
connected t o  t h e  v e r t i c a l  i n p u t  o f  t h e  o s c i l -  
loscope. The t r i g g e r  l e v e l  c o n t r o l  i s  ad jus t -  
ed so t h a t  t h e  t r a c e  crosses over o r  touches 
t h e  h o r i z o n t a l  cen te r  l i n e  a t  t h e  l e f t .  The 
h o r i z o n t a l  p o s i t i o n  c o n t r o l  can be ad jus ted  so 
t h a t  t h e  s i g n a l  crosses over t h e  f i r s t  d i v i -  
s i o n  on t h e  l e f t  as shown i n  f i g u r e  5.14. The 
c rossover  p o i n t  o f  t he  undelayed s i g n a l  w i l l  
serve as the  zero  de lay  re fe rence p o i n t .  

DELAY 
T I M E  
- 

DELAYED Z E R O  C R O S S O V E R  

UNDELAYED Z E R O  C R O S S O V E R  

FIGURE 5.14. OSCILLOGRAM OF DELAYED AND 
UNDELAYED 1 kHz SIGNAL. 

Without touch ing  any o f  t h e  osc i l l oscope  
c o n t r o l s ,  t h e  1 kHz s igna l  i s  d isconnected 
from t h e  v e r t i c a l  i n p u t  and rep laced w i t h  t h e  
delayed 1 kHz s i g n a l  f rom t h e  r e c e i v e r  ou tpu t .  
Since a r e c e i v e r  de lay  i s  almost always l e s s  
than  1 m i l l i s e c o n d  (1 c y c l e  o f  a 1 kHz s ig -  
n a l ) ,  t h e r e  i s  l i t t l e  chance o f  ambigu i ty  on 
which c y c l e  t o  measure. The de lay  i s  equal t o  
t h e  sweep t ime  from t h e  re fe rence  undelayed 
crossover t o  t h e  f i r s t  delayed crossover 
p o i n t .  

I f  t h e  delayed s igna l  i s  found t o  be o f  
oppos i te  phase t o  t h e  re fe rence 1 kHz s i g n a l ,  
t h e  r e c e i v e r  has an i n v e r t e d  ou tpu t  s i g n a l .  
However, t h e  r e c e i v e r  de lay  t ime  remains 
unchanged and t h e  o n l y  d i f f e r e n c e  w i l l  be t h a t  
t h e  ou tpu t  seconds pu lse  w i l l  be i n v e r t e d  w i t h  
a negat ive  l ead ing  edge. For r e c e i v e r  de lays  
o f  l e s s  than 500 microseconds, t h e  sweep r a t e  
can be s e t  a t  50 mic roseconds/d iv is ion .  

Th is  technique i s  a way o f  p roduc ing  a 
l o c a l  s i g n a l  t h a t  approximates t h e  t i m i n g  s i g -  
n a l .  It uses t h e  same frequency on t h e  d i a l  
and uses the  same tone frequency. A two- 
channel scope i s  ve ry  use fu l  s ince  you can 
then d i s p l a y  t h e  tone be fo re  i t  en te rs  t h e  RF 
s i g n a l  genera tor  and a f t e r  i t  comes o u t  o f  t h e  
rece ive r .  A s tudy  o f  t h e  b l o c k  diagram ( f i g .  
5.13) w i l l  no doubt suggest o t h e r  v a r i a t i o n s  
on t h i s  technique t o  t h e  user.  

6. Time Delay Over t h e  Radio Path 

I n  o rde r  t o  make a c a l i b r a t i o n ,  a user 
must know t h e  pa th  de lay  f rom t h e  t r a n s m i t t e r  
t o  h i s  r e c e i v e r  antenna. Th is  i s  o f t e n  d i f -  
f i c u l t  due t o  t h e  f a c t  t h a t  severa l  "modes" o f  
p ropagat ion  a re  p o s s i b l e  a t  h i g h  f requenc ies .  
A d i scuss ion  o f  p ropagat ion  de lay  c a l c u l a t i o n s  
can be found i n  s e c t i o n  5.6. 

For t ime  s e t t i n g  o f  h ighes t  accuracy, a 
user would have t o  a c t u a l l y  measure t h e  pa th  
de lay  us ing  a p o r t a b l e  c lock .  Th is  i s  an i n -  
vo lved and c o s t l y  ope ra t i on  t h a t  few users 
would deem j u s t i f i e d  f o r  t h e i r  needs. How- 
ever,  once t h e  p a t h  de lay  i s  determined, i t  
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need n o t  change apprec iab ly  i f  c e r t a i n  precau- 
t i o n s  a re  observed. For t i m i n g  accurac ies  
t h a t  approach 100 microseconds, t h e  l o c a t i o n  
and r o u t i n g  o f  antennas and lead - ins  a re  
impor tan t  as a re  r e c e i v e r  s e t t i n g s .  The 
general  r u l e  i s  t o  "no t  change anything".  I f  
changes must be made, c a r e f u l  records  o f  
readings be fo re  and a f t e r  w i l l  he lp  i n  
r e - e s t a b l i s h i n g  t h e  system w i t h  a c o r r e c t  
de lay  value. 

I n  f a c t ,  any user o f  t ime  s i g n a l s  a t  h i g h  
l e v e l s  o f  accuracy must take  extreme care  i n  
how t h e  equipment i s  ad jus ted ,  maintained, and 
operated. Typ ica l  users es t ima te  t h e i r  p a t h  
de lays  and o b t a i n  r e s u l t s  w i t h  accurac ies  
approaching one m i  11 i second. The above para- 
graphs a r e  in tended f o r  those users who want 
t o  o b t a i n  the  ve ry  b e s t  accuracy. They a re  
n o t  t y p i c a l  f o r  t h e  l a r g e  percentage o f  users.  
It a l s o  goes w i t h o u t  say ing  t h a t  a wea l th  o f  
i n f o r m a t i o n  can be ob ta ined by read ing  t h e  
l i t e r a t u r e  supp l i ed  w i t h  t h e  t i m i n g  equipment. 

C. Using an Ad jus tab le  Clock t o  

T r i g g e r  t h e  Osc i l l oscope  

Th is  method, sometimes c a l l e d  t h e  D i r e c t  
T r i g g e r  Method, i s  t h e  s imp les t  and r e q u i r e s  
an o s c i l l o s c o p e  w i t h  an ex te rna l  sweep t r i g g e r  
and accu ra te l y  c a l i b r a t e d  t ime  base, and a 
r e c e i v e r  w i t h  e l e c t r o n i c  audio ou tpu t .  The 
c l o c k  must be ad jus tab le  so i t s  1 pps ou tpu t  
can be advanced o r  re ta rded.  Equipment con- 
n e c t i o n  i s  shown i n  f i g u r e  5.15. 

A l o c a l  c l o c k  pu lse  a t  1 pps second r a t e  
i s  used t o  t r i g g e r  t h e  osc i l l oscope  sweep. A t  
some t ime  i n t e r v a l  l a t e r  d u r i n g  t h e  sweep, t h e  
seconds pu lse  appears on t h e  d i s p l a y  as shown. 
The t ime  i n t e r v a l  f rom t h e  s t a r t  o f  t h e  sweep 
t o  the  p o i n t  where t h e  t i c k  appears i s  t h e  
t o t a l  t ime  d i f f e r e n c e  between t h e  l o c a l  c l o c k  
and t h e  t r a n s m i t t i n g  s t a t i o n .  By s u b t r a c t i n g  
t h e  propagat ion  and r e c e i v e r  t ime  de lays  f rom 
t h e  measured value, t h e  l o c a l  c l o c k  t ime  e r r o r  
can be determined. The equat ion  t o  determine 
t ime e r r o r  a t  a r e c e i v i n g  l o c a t i o n  i s :  

Time E r r o r  = tr - tt = TD - (TDp + TDr), 

where: tr = t ime  a t  r e c e i v i n g  s t a t i o n  

tt = t ime  a t  t r a n s m i t t i n g  s t a t i o n  

TD = t o t a l  t ime  d i f f e r e n c e  (mea- 

(WWV, WWVH) 

sured by  osc i l l oscope  d i s p l a y )  

(computed) 
TD = propagat ion  p a t h  t ime  de lay  

TDr = r e c e i v e r  t i m e  de lay  (measured) 

NOTE: The u n i t s  ( u s u a l l y  m i l l i seconds )  shou ld  
be t h e  same. 

The r e c e i v e r  i s  tuned t o  t h e  s t a t i o n  and 
t h e  osc i l l oscope  sweep r a t e  s e t  a t  0 .1 s/  
d i v i s i o n .  L i s t e n i n g  t o  t h e  broadcas t  w i l l  
h e l p  judge the  q u a l i t y  o f  r e c e p t i o n  and fad- 
i ng .  The t i c k  w i l l  t y p i c a l l y  appear as shown 
i n  f i g u r e  5.16. CHU s i g n a l s  can be used as 
w e l l  (see f i g .  5.17). I f  t h e  t i c k  i s  one 
d i v i s i o n  o r  more from t h e  l e f t  s i d e  o f  t h e  
scope d i sp lay ,  t h e  t ime  o f  t h e  l o c a l  c l o c k  i s  
c o r r e c t e d  u n t i l  t h e  t i c k  f a l l s  w i t h i n  t h e  
f i r s t  d i v i s i o n  f rom t h e  l e f t  s ide .  I f  t h e  
l o c a l  t ime  t i c k  i s  l a t e ,  t h e  rece ived  t i c k  
w i l l  be heard be fo re  t h e  sweep s t a r t s .  I f  
t h i s  i s  t he  case, t h e  l o c a l  c l o c k  shou ld  be 
ad jus ted  u n t i l  t h e  t i c k  appears. A f t e r  t h e  
l o c a l  seconds pu lse  has been p r o p e r l y  ad jus ted  
and appears w i t h i n  t h e  f i r s t  d i v i s i o n  (0.1 
second i n  t ime) ,  t h e  sweep r a t e  i s  inc reased 
t o  say, 5 ms/d iv is ion .  Using t h i s  g r e a t e r  
r e s o l u t i o n ,  t h e  l o c a l  c l o c k  i s  ad jus ted  u n t i l  
t h e  l ead ing  edge o f  t h e  rece ived pu lse  s t a r t s  
a t  a t ime  equal t o  t h e  propagat ion  de lay  t ime  
p l u s  t h e  r e c e i v e r  de lay  t ime  a f t e r  t h e  t r i g g e r  
as shown i n  f i g u r e  5.18. 

The sweep r a t e  should be inc reased t o  t h e  
h i g h e s t  r a t e  p o s s i b l e  w i t h o u t  a l l o w i n g  t h e  
t o t a l  sweep t ime  t o  become f a s t e r  than t h e  
combined propagat ion  and r e c e i v e r  de lay  t ime  

F R E Q U EN C Y 
S O U R C E  VERTICAL T R I G G E R  R E C E I V E R  

TICK O R  CLOCK 

FIGURE 5.15. BLOCK DIAGRAM OF EQUIPMENT CONNECTION FOR DIRECT 
TRIGGER METHOD OF TIME SYNCHRONIZATION. 

88 



LTICK  TICK 

1 T I C K (  

\ T I C K  

FIGURE 5.16. WWV T I C K  AT A SWEEP RATE OF 
0.2 SECOND/DIVISION. 

FIGURE 5.17. CHU T I M E  T I C K  AT A SWEEP RATE 
OF 0.2 SECOND/DIVISION. 

FIGURE 5.18. WWV T I C K  AT A SWEEP RATE OF 
0 . 1  SECOND/DIVISION. 

SECOND ZERO CROSSOVER 
FIGURE 5.19. SECOND ZERO CROSSOVERS OF 

SECONDS PULSE AT A SWEEP RATE 
OF 1 MILLISECOND/DIVISION. 

W V H  T I C K  RECEIVED TWO M I L E S  AWAY: 
RECEIVER DELAY: 320 MICROSECONDS 
TOTAL T I M E  DELAY: 1.160 MILLISECONDS 

0 . 8 3 3  m s  
S E C O N D  Z E R O  C R O S S O V E R  1 
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Where: TD = 12.5 ms l e s s  t h e  5 m i l l i s e c o n d s  t o  a l l o w  f o r  t h e  
l e n g t h  o f  t h e  rece ived  seconds pu lse .  

W i th  a sweep r a t e  o f  1 ms /d i v i s ion ,  f o r  
example, g r e a t e r  r e s o l u t i o n  can be r e a l i z e d  by  
measuring t h e  second zero  c rossover  p o i n t  o f  
t h e  5 ms rece ived  t i c k .  Al though t h e  l ead ing  
edge o f  t h e  seconds pu lse  as broadcas t  f rom 
these s t a t i o n s  i s  "on t ime" ,  c o i n c i d e n t  w i t h  
t h e  NBS o r  CHU standard,  i t  i s  d i f f i c u l t  t o  
measure because o f  t h e  s low r i s e  t ime  a t  t h e  
beg inn ing  o f  t h e  b u r s t  and d i s t o r t i o n  due t o  
p ropagat ion .  For  t h i s  reason, t h e  second zero  
c rossover  shou ld  be used. The second zero 
c rossover  o f  t h e  WWV o r  CHU p u l s e  i s  delayed 
e x a c t l y  1000 microseconds and t h e  WWVH c ross-  
over i s  delayed 833 microseconds as shown i n  
f i g u r e  5.19. Th is  i s  c a l l e d  t h e  c y c l e  
c o r r e c t i o n .  

A t  a sweep r a t e  o f  1 ms/d iv is ion ,  any 
changes i n  a r r i v a l  t ime  ( j i t t e r )  a re  r e a d i l y  
apparent. A f t e r  watching t h e  pu lses  f o r  a 
p e r i o d  o f  a minute o r  two, s e l e c t  a c y c l e  t h a t  
i s  u n d i s t o r t e d  and r e l a t i v e l y  l a r g e r  i n  ampl i -  
tude. I n  de termin ing  t h e  t ime  a t  a r e c e i v i n g  
l o c a t i o n ,  i n c l u d e  t h e  de lay  o f  t h e  chosen zero  
c rossover  p o i n t ,  t hen  add t h e  c y c l e  c o r r e c t i o n  
t o  t h e  propagat ion  and equipment de lay  us ing  
t h e  f o l l o w i n g  r e l a t i o n s h i p :  

Time E r r o r  = tr - tt 
= TD -(TD + TDr + c y c l e  c o r r e c t i o n )  

P 

Where c y c l e  c o r r e c t i o n  t ime  

= 1000 microseconds p e r  c y c l e  (WWV o r  CHU) 

= 833 microseconds p e r  c y c l e  (WWVH) 

As an example, assume an opera to r  a t  a 
d i s t a n t  r e c e i v e r  l o c a t i o n  i s  i n t e r e s t e d  i n  
comparing h i s  t ime  t o  t h a t  o f  WWVH. The pro-  
paga t ion  and r e c e i v e r  t ime  de lays  were mea- 
sured as 11.7 m i l l i s e c o n d s  and 300 microsec- 
onds r e s p e c t i v e l y .  Since t h e  t o t a l  de lay  i s  
12.0 m i l l i s e c o n d s  (11.7 ms + 0.3 ms), t h e  
o s c i l l o s c o p e  sweep r a t e  was s e t  a t  2 ms/ 
d i v i s i o n  f o r  a t o t a l  sweep t ime  o f  20 ms-- 
s l i g h t l y  g r e a t e r  t han  t h e  propagat ion  de lay  + 
r e c e i v e r  de lay  + 5 ms t o t a l .  The second zero  
crossover o f  t h e  t i c k  was observed and mea- 
sured 12.5 ms a f t e r  t h e  sweep was t r i g g e r e d  by 
t h e  WWVH c lock .  

From these data,  t h e  t ime  a t  t h e  r e c e i v e r  
s i t e  was c a l c u l a t e d  as -0.333 ms w i t h  respec t  
t o  t h e  WWVH t ime  as broadcast,  o r :  

Time E r r o r  = tr - tt 

= 12.5 - (11.7 + 0.3 + 0.833) 

= -0.333 ms, o r  -333 microseconds, 

TD = 11.7 ms 

TDr = 0.3 ms 
P 

Note t h a t  i f  a r e c e i v i n g  s t a t i o n  i s  
l o c a t e d  a t  a d i s tance  g r e a t e r  t han  3,000 km 
(1863 m i l e s )  f rom t h e  t r a n s m i t t e r ,  t h e  pro-  
paga t ion  t ime  de lay  w i l l  exceed 10 ms. (The 
r a d i o  p a t h  de lay  works o u t  t o  be about 5 
microseconds pe r  m i le .  A t  1863 m i les ,  t h e  
de lay  would be a t  l e a s t  9.315 ms. It i s  
u s u a l l y  g r e a t e r  t han  t h i s  due t o  t h e  f a c t  t h e  
HF r a d i o  s i g n a l s  bounce o f f  t h e  ionosphere.) 
Th i s  fo rces  use o f  a scope sweep t ime  o f  2 ms/ 
d i v i s i o n  and lowers t h e  measurement reso lu -  
t i o n .  The nex t  s e c t i o n  descr ibes  a method o f  
measurement t o  overcome t h i s  d i f f i c u l t y .  

D .  Delayed T r igge r ing :  An A l t e r n a t e  Method 

t h a t  Doesn ' t  Change t h e  Clock Output 

To improve t h e  r e s o l u t i o n  o f  measurement, 
t h e  o s c i l l o s c o p e  sweep must be operated as 
f a s t  as poss ib le .  The user  does have an 
op t i on :  He can generate a t r i g g e r  pu l se  i n -  
dependent o f  h i s  c lock .  He then  p o s i t i o n s  t h e  
p u l s e  f o r  maximum sweep speed and makes h i s  
measurement. Bu t  then he must measure t h e  
d i f f e r e n c e  between h i s  c l o c k  and t h e  t r i g g e r  
pu lse .  Note: Th is  can be accomplished by 
u s i n g  an o s c i l l o s c o p e  w i t h  a delayed sweep 
c i r c u i t  b u i l t  i n  o r  w i t h  an outboard t r i g g e r  
genera tor .  The l a t t e r  method i s  discussed 
here,  b u t  t h e  delayed sweep scope cou ld  be 
used as discussed i n  Chapter 4. Reference t o  
t h e  ins t rument  manual w i l l  a i d  i n  us ing  t h a t  
technique. 

On a t y p i c a l  d i g i t a l  de lay  genera tor ,  a 
de lay  d i a l  i n d i c a t e s  t h e  de lay  between t h e  
i n p u t  l o c a l  c l o c k  t i c k  and t h e  ou tpu t  t r i g g e r  
pu lse .  I f  t h e  user a l ready  has a v a r i a b l e  
r a t e  d i v i d e r  t o  produce delayed pu lses ,  a t ime  
i n t e r v a l  counter  can be used i n s t e a d  o f  t h e  
de lay  generator.  I n  e i t h e r  case, t h e  amount 
o f  t r i g g e r  de lay  must be accounted f o r  i n  
measuring t h e  t o t a l  t ime  de lay  (TD) o f  t h e  
rece ived  t i c k  w i t h  respec t  t o  t h e  l o c a l  master 
c l o c k .  

Measurements shou ld  be made a t  t h e  same 
t ime  every  day ( w i t h i n  t e n  minutes) f o r  con- 
s i s t e n t  r e s u l t s .  A t ime  o f  day shou ld  be 
se lec ted  when i t  i s  approx imate ly  noon midway 
between t h e  t r a n s m i t t i n g  s t a t i o n  and t h e  r e -  
c e i v e r ' s  l o c a t i o n .  For n i g h t  measurements, a 
t ime  shou ld  be chosen when t h e  m idpo in t  i s  
near midn igh t .  Measurements shou ld  n o t  be 
made near t w i  1 i g h t .  

The equipment can be connected as shown 
i n  f i g u r e  5.20. A commercial ly a v a i l a b l e  
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T I M E  T I C K  
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A N T E N N A  
D E L A Y E D  1 p p s  

F R E Q U E N C Y  
SOURCE 

O S C  R C L O C K  
O R  D I V I D E R  

I N P U T  & C L O C K  

T I C K  
1 P P S  

C O U N T E R *  

* S F E  T E X l  

FIGURE 5.20. EQUIPMENT SETUP FOR DELAYED TRIGGER METHOD OF TIME SYNCHRONIZATION. 

f requency d i v i d e r  and c l o c k  can be used i n  
p lace  o f  t h e  c o n t r o l l e d  de lay  generator.  A 
t ime  i n t e r v a l  counter  i s  then used t o  measure 
t h e  ou tpu t  o f  t h e  delayed c l o c k  t o  t h e  master 
c lock .  The ou tpu t  o f  t h e  delayed c l o c k  i s  
used t o  t r i g g e r  the  osc i l l oscope .  The i n i t i a l  
procedures descr ibed i n  the  prev ious  method 
a l s o  app ly  t o  t h i s  method and, t he re fo re ,  
should be r e f e r r e d  t o  i n  s e t t i n g  t ime w i t h  
WWV/WWVH. 

Wi th  t h e  osc i l l oscope  sweep ad jus ted  t o  1 
ms/d iv is ion ,  t h e  t r i g g e r  pu l se  should be 

delayed by an amount equal t o  t h e  propagat ion  
de lay  i n  m i l l i seconds .  I n i t i a l l y ,  any f r a c -  
t i o n a l  m i l l i s e c o n d s  i n  t h e  de lay  can be 
neglected. The sweep should be ad jus ted  so 
t h a t  i t  begins e x a c t l y  a t  t h e  l e f t  end o f  t h e  
h o r i z o n t a l  g r a t i c u l e  and i s  v e r t i c a l l y  
centered. 

The second zero crossover p o i n t  o f  t he  
t i c k  ( f i g u r e s  5.21, 5.22) should be observed 
and c a r e f u l l y  measured. Wi th  t h e  sweep a t  
1 ms/d iv is ion ,  t h e  de lay  o f  t h e  second zero  
crossover on t h e  osc i l l oscope  i s  measured t o  

L d  SECOND ZERO CROSSOVER 1 540 1J.S t SECOND ZERO CROSSOVER 
TRIGGER DELAY TIME: 19,000 MICROSECONDS 
TOTAL TIME DELAY: 20,740 MICROSECONDS 

F I G U R E  5.21. SECOND ZERO CROSSOVER OF WWV 
TICK AT A SWEEP RATE OF 
1 MILLISECOND/DIVISION. 

TRIGGER DELAY TIME: 20,200 MICROSECONDS 
TOTAL TIME DELAY: 20,740 MICROSECONDS 

FIGURE 5.22. SECOND ZERO CROSSOVER OF WV 
T I C K  AT A SWEEP RATE OF 100 
MICROSECONDS/DIVISION (4  SWEEPS) 
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t h e  neares t  one- ten th  o f  a m i l l i s e c o n d  and 
added t o  t h e  t r i g g e r  de lay ,  r e s u l t i n g  i n  an 
approximate t o t a l  t ime  delay.  I f  t h e  l o c a l  
c l o c k  1 pps t ime  i s  e x a c t l y  c o i n c i d e n t  w i t h  
the  UTC(NBS) seconds pu lse ,  t he  t o t a l  measured 
t ime de lay  w i l l  be approx imate ly  equal t o  t h e  
sum o f  t h e  propagat ion  de lay  t ime,  t h e  rece iv -  
e r  de lay  t ime  ( t y p i c a l l y  200 - 500 microsec- 
onds), and t h e  c y c l e  c o r r e c t i o n  (1000 mic ro-  
seconds f o r  WWV o r  CHU and 833 microseconds 
f o r  WWVH). 

To f u r t h e r  inc rease the  r e s o l u t i o n  o f  
de lay  measurement, t h e  osc i l l oscope  sweep r a t e  
can be inc reased t o  0.1 ms /d i v i s ion  (100 
mic roseconds/d iv is ion)  and the  t r i g g e r  pu l se  
from t h e  genera tor  ad jus ted  t o  be approximate- 
l y  500 microseconds l e s s  than t h e  t o t a l  de lay  
t ime  p r e v i o u s l y  measured. A t  these s e t t i n g s ,  
t h e  second zero crossover o f  t h e  t i c k  w i l l  be 
somewhere near t h e  midsca le  o f  t h e  o s c i l l o -  
scope face. 

The v e r t i c a l  c e n t e r i n g  o f  t he  sweep 
should be rechecked and centered  i f  necessary. 
The t i c k  i s  measured t o  t h e  neares t  10 mic ro-  
seconds ( f i g u r e  5.21). The r e s u l t  should be 
w i t h i n  2 100 microseconds o f  t h e  r e s u l t  ob- 
t a i n e d  a t  t he  1 ms /d i v i s ion  sweep r a t e .  I f  
t h e  r e s u l t  o f  t h i s  measurement f a l l s  ou ts ide  
t h i s  to le rance ,  then the  procedure shou ld  be 
repeated aga in  b\ l  measuring t h e  t o t a l  t ime  
de lay  a t  a sweep r a t e  o f  1 ms/ d i v i s i o n .  To 
o b t a i n  t h e  t ime,  t h e  equat ions descr ibed 
e a r l i e r  shou ld  be used. 

w i t h  more accuracy. The exposures a re  made 
when c o n s i s t e n t l y  s t rong  and u n d i s t o r t e d  t i c k s  
appear on t h e  osc i l l oscope .  To determine t h e  
t ime, the  average o f  t h e  second zero crossover 
p o i n t  o f  t h e  t i c k  i s  measured us ing  t h e  same 
procedure exp la ined above. 

I n  making measurements us ing  t h i s  tech-  
nique, an o s c i l l o s c o p k  camera us ing  s e l f -  
deve lop ing  f i l m  i s  mandatory. The camera 
s h u t t e r  i s  p laced i n  t h e  t ime  exposure pos i -  
t i o n  so t h a t  i t  can be opened and c losed  manu- 
a l l y .  The lens  opening o f  t h e  camera, t h e  
osc i l l oscope  t r a c e  i n t e n s i t y ,  and t h e  sca le  
i l l u m i n a t i o n  must be determined by exper i -  
ment. 

One o f  t he  p r e v i o u s l y  descr ibed proce- 
dures i s  f o l l o w e d  t o  o b t a i n  the  seconds t i c k .  
A t  a sweep r a t e  o f  1 ms /d i v i s ion ,  t h e  s h u t t e r  
i s  opened be fo re  t h e  sweep s t a r t s  and c losed 
a f t e r  t he  sweep ends. Th is  i s  repeated each 
second u n t i l  f i v e  over lapp ing  exposures a re  
completed ( f i g u r e  5.23). The p i c t u r e s  shou ld  
be taken when t h e  t i c k s  beg in  t o  a r r i v e  w i t h  
t h e  l e a s t  d i s t o r t i o n  and maximum ampl i tude. 

Refer t o  you r  camera manual. 

Th is  procedure can a l s o  be used a t  a 
f a s t e r  sweep r a t e  o f  100 mic roseconds/d iv is ion  
w i t h  t h e  second zero  c rossover  p o i n t  appear ing 
approx imate ly  a t  m idpo in t  o f  t h e  t race .  (One 
complete c y c l e  o f  t h e  t i c k  shou ld  be v i s i b l e - -  
f i g u r e  5.24. ) Over lapp ing  exposures o f  t h e  
t i c k s  a r e  taken and an average read ing  i s  
ob ta ined from t h e  photograph. 

5.4.3 USING THE WWV/WWVH TIME CODE E. Using Osc i l loscope Photography f o r  

Greater  Measurement Accuracy 
Among t h e  severa l  tones, t i c k s ,  and vo i ce  

By f i l m  reco rd ing  f i v e  o r  more over lap-  s i g n a l s  o f f e r e d  on WWV and WWVH, t he re  i s  a 
p i n g  exposures o f  t h e  WWV/WWVH t i c k ,  an aver-  t ime  code. I f  you rece ive  and decode t h i s  
age o f  t h e  t i c k  a r r i v a l  t ime  can be es t imated s i g n a l ,  YOU can a u t o m a t i c a l l y  d i s p l a y  t h e  day 

t 
I S E C O N D  Z E R O  C R O S S O V E R  

I 

S E C O N D  Z E R O  C R O S S O V E R  

FIGURE 5.23. WV TICK AT A SWEEP RATE OF FIGURE 5.24. WV TICK AT A SWEEP RATE OF 
1 MILLISECOND/DIVISION 100 MICROSECONDS/DIVISION 
(5  OVERLAPPING EXPOSURES). (OVERLAPPING EXPOSURES) 
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o f  the year, hour, minute, and second. O f  
course, it i s  not nearly that easy--there i s  a 
lot more to it than simply receiving the code. 
To avoid errors, you must design your decoder/ 
clock carefully. 

Where is the code hidden? You will find 
it very near the carrier signal--only 100 Hz 
away, in fact. .This is shown in figure 5.25. 
Also shown are other "parts" of the WWV spec- 
trum. Although 10 MHz i s  used as an example, 
the same distribution applies to the other 
frequencies if you simply change the carrier. 

This signal, 100 Hz away from the main 
carrier, is called a subcarrier. The code 
pulses are sent out once per second. With a 
good signal from a fairly high-quality receiv- 
er, you can hear the time code as a low rumble 
in the audio. It can also sometimes be heard 
on the NBS telephone time-of-day circuits. 

A. Code Format 

Now that we know where the pulses are and 
how the are sent, what do they say? First of 
all, they follow a specific format. In this 
case, it is a modified IRIG-H format similar 
to that shown in figure 1.2 of Chapter 1. 
After suitable identifiers are sent, the bits 
that make up the units--tens and hundreds for 
minutes, hours and days--are sent sequen- 
tial ly. 

B I N A R Y  GROUP 

WEIGHT: 1 2 4 8 
0 0 0 0  
1 0 0 0  
0 1 0 0  
1 1 0 0  
0 0 1 0  
1 0 1 0  
0 1 1 0  
1 1 1 0  
0 0 0 1  
1 0 0 1  

D E C I M A L  
EQUIVALENT 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

In every case, the decimal equivalent of a BCD 
group is derived by multiplying each binary 
digit times the weight factor of its respec- 
tive column and then adding the four products 
together. For instance, the binary sequence 
1010 in the 1-2-4-8 scheme means (1 x 1) + 
(0 x 2) + (1 x 4) + (0 x 8) = 1 + 0 + 4 + 0 = 
5, as shown in the table. If fewer than nine 
decimal digits are needed, one or more of the 
binary columns may be omitted. 

In the standard IRIG-H code, a binary 0 
pulse consists of exactly 20 cycles of 100-Hz 
amplitude modulation (200 milliseconds dura- 
tion), whereas a binary l consists of 50 
cycles of 100 Hz (500 milliseconds duration). 
In the WWV/WWVH broadcast format, however, a1 1 
tones are suppressed for 40 ms while the 
seconds pulses are transmitted. 

Certain pulses in succession comprise Because the tone suppression applies also 
binary-coded groups representing decimal num- to the 100-Hz subcarrier frequency, it has the 
bers. The binary-to-decimal weighting scheme effect of deleting the first 30-millisecond 
is 1-2-4-8 with the least significant binary portion of each binary pulse in the time code. 
digit always transmitted first. The binary Thus, a binary 0 contains only 17 cycles o f  
groups and their basic decimal equivalents are 100-Hz amplitude modulation (170 milliseconds 
shown in the following table: duration) and a binary 1 contains 47 cycles of 

100 Hz TIME CODE 

t t - -  
N N N  
I I I  
0 0 0  
0 O d  w m e  

- ,-. N 
N I 

0 
I 

0 0 
0 

+ 
7 

7 

- -  - 
N N  N 
I I  I 
0 0  0 d o  0 
e m  w 
+ +  + 

I 
N N N  N 

N I I  I 
E =  E 1 E 

0 0  0 0 

I I I  

N N N  

7 7  - 
Y Y  Y 

E H I  E 
7 Y 0 ,-- 0 0 0  

7 7 7  

FREQUENCY - 
FIGURE 5.25. THE WWV SPECTRUM AT 10 MHz. 

93 



100 Hz (470 m i l l i s e c o n d s  du ra t i on ) .  The lead- 
i n g  edge o f  every  pu l se  co inc ides  w i t h  a 
p o s i t i v e - g o i n g  zero  c ross ing  o f  t h e  100-Hz 
s u b c a r r i e r ,  b u t  i t  occurs 30 m i l l i s e c o n d s  
a f t e r  t h e  beg inn ing  o f  t h e  second. 

W i t h i n  a t ime  frame o f  one minute,  enough 
pu lses  a re  t r a n s m i t t e d  t o  convey i n  BCD l an -  
guage t h e  c u r r e n t  minute,  hour, and day o f  
year .  Two BCD groups a re  needed t o  express 
t h e  hour (00 th rough 23); and t h r e e  groups a re  
needed t o  express t h e  day o f  yea r  (001 th rough 
366). When rep resen t ing  u n i t s  , tens ,  o r  hun- 
dreds, t h e  bas i c  1-2-4-8 we igh ts  a re  s imp ly  
m u l t i p l i e d  by 1, 10, o r  100 as appropr ia te .  
The coded i n f o r m a t i o n  always r e f e r s  t o  t ime  a t  
t h e  beg inn ing  o f  t h e  one-minute frame. Sec- 
onds may be determined by coun t ing  pu lses  
w i t h i n  t h e  frame. 

Each frame commences w i t h  a unique spac- 
i n g  o f  pu lses  t o  mark t h e  beg inn ing  o f  a new 
minute. No pu lse  i s  t r a n s m i t t e d  d u r i n g  t h e  
f i r s t  second o f  t h e  minute. Ins tead,  a one- 
second space o r  ho le  occurs i n  t h e  pu lse  t r a i n  
a t  t h a t  t ime. Because a l l  pu lses  i n  t h e  t ime  
code a re  30 m i l l i s e c o n d s  l a t e  w i t h  respec t  t o  
UTC, each minute a c t u a l l y  beg ins  1030 m i l l i -  
seconds ( o r  1.03 seconds) p r i o r  t o  t h e  l e a d i n g  
edge o f  t h e  f i r s t  pu l se  i n  the  new frame. 

For synch ron iza t i on  purposes, every  t e n  
seconds a so -ca l l ed  p o s i t i o n  i d e n t i f i e r  pu l se  
i s  t ransmi t ted .  U n l i k e  t h e  BCD da ta  pu lses ,  
t h e  p o s i t i o n  i d e n t i f i e r s  c o n s i s t  o f  77 cyc les  
o f  100 Hz (770 m i l l i s e c o n d s  du ra t i on ) .  

UT1 c o r r e c t i o n s  t o  t h e  neares t  0.1 second 
a r e  broadcast v i a  BCD pu lses  d u r i n g  t h e  f i n a l  
t e n  seconds o f  each frame. The coded pu lses  
which occur between t h e  50 th  and 59 th  seconds 
o f  each frame a r e  c a l l e d  c o n t r o l  f unc t i ons .  
Cont ro l  f u n c t i o n  #1, which occurs a t  50 sec- 
onds, t e l l s  whether t h e  UT1 c o r r e c t i o n  i s  nega- 
t i v e  o r  p o s i t i v e .  I f  c o n t r o l  f u n c t i o n  #1 i s  a 
b i n a r y  0, t h e  c o r r e c t i o n  i s  negat ive ;  i f  i t  i s  
a b i n a r y  1, t h e  c o r r e c t i o n  i s  p o s i t i v e .  Con- 
t r o l  f u n c t i o n s  #7, #8, and #9, which occur re -  
s p e c t i v e l y  a t  56, 57, and 58 seconds, s p e c i f y  
t h e  amount o f  UT1 c o r r e c t i o n .  Because t h e  UT1 
c o r r e c t i o n s  a r e  expressed i n  ten ths  o f  a sec- 
ond, t h e  bas i c  b inary - to -dec ima l  weights a r e  
m u l t i p l i e d  by 0.1 when a p p l i e d  t o  these 
c o n t r o l  f unc t i ons .  

Con t ro l  f u n c t i o n  #6, which occurs a t  55 
seconds, i s  programmed as a b i n a r y  1 through- 
o u t  those weeks when D a y l i g h t  Saving Time i s  
i n  e f f e c t  and as a b i n a r y  0 when Standard Time 
i s  i n  e f f e c t .  The s e t t i n g  o f  t h i s  f u n c t i o n  i s  
changed a t  0000 UTC on t h e  da te  o f  change. 
Throughout t h e  U. S. mainland, t h i s  schedule 
a l l ows  severa l  hours f o r  t h e  f u n c t i o n  t o  be 
rece ived  be fo re  t h e  change becomes e f f e c t i v e  
l o c a l l y - - i . e . ,  a t  2:00 am l o c a l  t ime. Thus, 
c o n t r o l  f u n c t i o n  #6 a l l ows  c locks  o r  d i g i t a l  

recorders  ope ra t i ng  on l o c a l  t ime  t o  be pro-  
grammed t o  make an automat ic one-hour ad jus t -  
ment i n  changing from D a y l i g h t  Saving Time t o  
Standard Time and v i c e  versa. 

F igu re  5.26 shows one frame o f  t h e  t ime  
code as i t  might  appear a f t e r  be ing  r e c t i f i e d ,  
f i l t e r e d ,  and recorded. I n  t h i s  example, t h e  
l e a d i n g  edge o f  each pu lse  i s  considered t o  be 
t h e  p o s i t i v e - g o i n g  excurs ion .  The pu lse  t r a i n  
i n  t h e  f i g u r e  i s  annotated t o  show t h e  charac- 
t e r i s t i c  f ea tu res  o f  t he  t ime  code format.  

The s i x  p o s i t i o n  i d e n t i f i e r s  a re  denoted 
by symbols PI, P2,  P3, P,, P 5 ,  and Po. The 
minutes,  hours, days, and UT1 se ts  a r e  marked 
by  brackets ,  and t h e  a p p l i c a b l e  we igh t i ng  fac-  
t o r s  a re  p r i n t e d  beneath t h e  coded pu lses  i n  
each BCD group. Wi th  t h e  excep t ion  o f  t h e  
p o s i t i o n  i d e n t i f i e r s ,  a l l  uncoded pu lses  a re  
s e t  permanent ly t o  b i n a r y  0. 

The f i r s t  t e n  seconds o f  every  frame 
always i nc lude  t h e  1.03-second ho le  fo l l owed  
by  e i g h t  uncoded pu lses  and t h e  p o s i t i o n  
i d e n t i f i e r  P,. The minutes s e t  f o l l o w s  P, and 
c o n s i s t s  o f  two BCD groups separated by an 
uncoded pu lse .  S i m i l a r l y ,  t h e  hours s e t  
f o l l o w s  P p .  The days s e t  f o l l o w s  P3 and 
extends f o r  two pu lses  beyond P4 t o  a l l o w  
enough elements t o  rep resen t  t h r e e  decimal 
d i g i t s .  The UT1 s e t  f o l l o w s  P 5 ,  and t h e  l a s t  
p u l s e  i n  t h e  frame i s  always Po. 

I n  f i g u r e  5.26, t h e  l e a s t  s i g n i f i c a n t  
d i g i t  o f  t h e  minutes s e t  i s  (0 x 1) + (0 x 2) 
+ (0  x 4) + (0 x 8) = 0; t h e  most s i g n i f i c a n t  
d i g i t  o f  t h a t  s e t  i s  (1  x 10) + (0  x 20) + 
(0  x 40) = 10. Hence, a t  t h e  beg inn ing  o f  t h e  
1.03-second ho le  i n  t h a t  frame, t h e  t ime  was 
e x a c t l y  10 minutes p a s t  t h e  hour. By decoding 
t h e  hours s e t  and t h e  days se t ,  i t  i s  seen 
t h a t  t h e  t ime  o f  day i s  i n  t h e  21s t  hour on 
t h e  173rd day o f  t h e  year .  The UT1 c o r r e c t i o n  
i s  +0.3 second. Therefore,  a t  p o i n t  A, t h e  
c o r r e c t  t ime on t h e  UT1 sca le  i s  173 days, 21 
hours,  10 minutes,  0.3 second. 

B. Recovering t h e  Code 

The t ime  code w i l l  appear a t  t h e  de tec to r  
i n  any r e c e i v e r  tuned t o  WV o r  WVH. How- 
ever ,  due t o  t h e  l i m i t e d  low frequency pass- 
band o f  most rece ive rs ,  i t  may o r  may n o t  be 
heard a t  t h e  speaker o r  on headphones. Re- 
c e i v e r s  a re  d e l i b e r a t e l y  designed t o  suppress 
lower  f requenc ies  t o  l i m i t  t h e  power supply 
hum (60 Hz) and i t s  second harmonic (120 Hz). 
The bes t  approach would be t o  s t a r t  a t  t h e  
r e c e i v e r - d e t e c t o r  and " s t r i p "  o u t  t h e  100 Hz 
w i t h  a narrow f i l t e r .  I f  t h e  100 Hz i s  then 
a m p l i f i e d  and de tec ted ,  a code stream can be 
produced and used t o  d r i v e  a decoder/display.  
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F O R M A T  H ,  S I G N A L  HOOl, I S  COMPOSED O F  T i l t  F O L L O W I N G  

1 )  1 p p m  F R A M E  R E F E R E N C E  M A R K E R  R = ( P a  AND 1 . 0 3  SECOND ' H O L E " )  - 
2 )  B I N P R Y  CODED D E C I l l A L  T I M E - O F - Y E A R  CODE W O R D  ( 2 3  D I G I T S )  
3 )  CONTROL F U N C T I O N S  (9 D I G I T S )  U S E D  F O R  U T 1  C O R R E C T I O N S ,  E T C .  
4 )  6 p p m  P O S I T I O N  I D E N T I F I E R S  ( P o  THROUGH P 5 )  
5 )  1 p p s  I N D E X  M A R K E R S  

T I P E  F R A M E  1 M I N U T E  , 
I N D E X  C O U N T  ( 1  S E 5 O N D )  

-ON TIME POINT A 

H O U R S  D A Y S  - 1.03  S E C O N D  

FOR 0 . 8  S E C O N D  
PULSE U T C  A T  P C I N T  A = U T 1  AT P O I N T  A = 

RJ H O L E  I N  C O D E  

1 7 3  D A Y S  21 H O U R S  1 7 3  D A Y S  21 H O U R S  
P,-P, P O S I T I O N  I D E N T I F I E R S  ( 0 . 7 7 0  S E C O N D  D U R A T I O N )  1 0  M I N U T E S  1 0  M I N U T E S  

0 . 3  S E C O N D S  W W E I G H T E D  CODE D I G I T  ( 0 . 4 7 0  S E C O N D  D U R A T I O N )  

C W E I G H T E D  C O N T R O L  E L E M E N T  ( 0 . 4 7 0  S E C O N D  D U R A T I O N )  C O N T R O L  F U N C T I O N  #6 
~ ~ ~ o D ~ ~ ~ ~ ~ G  ' ? ~ ~ ~ ~ " , ~ ~  

D U R A T I O N  O F  I N D E X  M A R K E R S ,  U N W E I G H T E D  CODE, A N D  U N W E I G H T E D  C O N T R O L  E L E M E N T S  = 0 . 1 7 0  S E C O N D S  

N O T E :  B E G I N N I N G  OF P U L S E  I S  R E P R E S E N T E D  B Y  P O S I T I V E - G O I N G  E D G E .  

9 / 7 5  

FIGURE 5.26. WWV/WWVH TIME CODE FORMAT. 

W decoders can be purchased o r  home- 
b u i l t .  Some hobby and r a d i o  amateur pub l i ca -  
t i o n s  have c a r r i e d  a r t i c l e s  on us ing  t h e  WV 
t ime  code. A t  t h i s  w r i t i n g ,  t h e  NBS i s  n o t  
ab le  t o  supply decoder designs. As such mate- 
r i  a1 becomes ava i  1 ab1 e, i t  w i  11 be announced 
i n  t h e  NBS Time and Frequency B u l l e t i n ,  pub- 
l i s h e d  monthly. 

Because s i g n a l s  such as those t r a n s m i t t e d  
by WWV tend t o  fade, i t  i s  p o s s i b l e  t o  l o s e  
some o f  t h e  code b i t s .  As these e r r o r s  occul-, 
any c l o c k  d r i v e n  d i r e c t l y  from a WWV r e c e i v e r  
would d i s p l a y  i n c o r r e c t  t ime. Th is  can be 
overcome by hav ing  t h e  decoder c i r c u i t  d e t e c t  
t h e  e r r o r s .  One scheme f o r  e r r o r  d e t e c t i o n  
s imp ly  decodes one frame o f  t he  incoming code 
and s to res  i t  e l e c t r o n i c a l l y  as d i g i t a l  b i t s .  
The nex t  frame i s  rece ived  and s t o r e d  i n  
another l o c a t i o n .  I f  t h e  two frames do n o t  
d i f f e r  by e x a c t l y  one minute,  an e r r o r  has 
occurred. The f i r s t  da ta  a re  d iscarded and 
another t r y  i s  made u n t i l  several  successful  
decodes have been made. Th is  can be c a r r i e d  
o u t  t o  th ree ,  f ou r ,  o r  f i v e  successive, suc- 

cess fu l  decodes t o  reduce t h e  p o s s i b i l i t y  o f  
e r r o r .  

Meanwhile, t h e  c l o c k  can be made t o  
operate from a s imp le  c r y s t a l  o s c i l l a t o r .  I t  
w i l l  operate f rom t h a t  c r y s t a l  u n t i l  t h e  t ime 
code has been success fu l l y  decoded and i s  used 
t o  r e s e t  t he  c l o c k  t o  t h e  c o r r e c t  t ime  i f  
necessary. When you cons ider  how accura te  
c r y s t a l  c locks  are ,  t h e  code r e a l l y  d o e s n ' t  
have very  much t o  do, b u t  i t  w i l l  r e s e t  t h e  
c l o c k  as needed and a u t o m a t i c a l l y  a d j u s t  f o r  
D a y l i g h t  Saving Time. It w i l l  a l s o  inc rease 
you r  conf idence i n  t h e  c l o c k  as a t imekeeper. 
There a re  60 minutes and t h e r e f o r e  60 frames 
i n  t h e  WV t ime  code every  hour. Th i s  means 
t h a t  t h e r e  a re  1440 frames i n  a day. A number 
o f  success fu l  decodes shou ld  be rece ived  i n  a 
day. T y p i c a l l y ,  t h i s  means t h a t  t h e  c r y s t a l  
c l o c k  would be co r rec ted  severa l  t imes. Th is  
shou ld  be more than adequate f o r  good t ime- 
keeping. 

An e l e c t r o n i c  means can be p rov ided  t o  
r e c e i v e  and decode Coordinated Un iversa l  Time 
b u t  d i s p l a y  l o c a l  t ime  as needed. 
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5.5 USE OF HF BROADCASTS FOR 

FREQUENCY CALIBRATIONS 

\ 
N t h H A R P I O N  I C  

I n  a d d i t i o n  t o  t h e  w i d e l y  used time ser -  
v i c e  o f  WWV and WWVH, s tandard  f requenc ies  a r e  
a l s o  a v a i l a b l e  t o  t h e  broadcas t  l i s t e n e r .  
Wi th  a general  purpose HF r e c e i v e r  capable o f  
t u n i n g  these s t a t i o n s ,  a c a l i b r a t i n g  f requency 
i s  r e a d i l y  a v a i l a b l e  f o r  comparison and 
measurement. 

S I G N A L  S T R E N G T H  

H F  R E C E I V E R  

0 O F F  S P E A K E R  
A G C  

O N -  S W I T C H  

Frequency o r  i t s  inverse ,  t ime  i n t e r v a l ,  
i s  an impor tan t  q u a n t i t y  i n  phys ics ,  e lec t ron -  
i c s ,  and i n  ou r  everyday l i v e s .  From t u n i n g  
musical  ins t ruments  t o  s e t t i n g  t h e  r a d i o  and 
TV d i a l s ,  f requency en te rs  ou r  l i v e s  i n  many 
ways. I f  we say we a re  go ing  t o  per fo rm a 
frequency c a l i b r a t i o n ,  t h e  ques t i on  a r i ses ,  on 
what? I f  we c a l i b r a t e  t h e  f requency source i n  
our  watch, we have t o  a d j u s t  t h e  balance wheel 
( o r  t h e  c r y s t a l ) .  Radio l i s t e n e r s  o f t e n  want 
t o  check t h e  d i a l  s e t t i n g s  on t h e i r  shortwave 
rece ive rs .  That way, they  know i f  t h e r e  i s  an 
e r r o r  i n  t h e  d i a l  when they  a re  seeking a 
c e r t a i n  s t a t i o n  whose t r a n s m i t t e r  f requency 
i s  known. 

There a re  two ways t o  use a f requency 
source such as WV. On t h e  one hand, you can 
measure you r  f requency source aga ins t  WV and 
w r i t e  the  d i f f e r e n c e  down f o r  re fe rence,  o r  
you can a c t u a l l y  r e a d j u s t  t h e  source o f  f r e -  
quency you have t o  make i t  agree w i t h  WWV. 

WWV and WWVH broadcast low frequency 
tones a t  440, 500, and 600 Hz. These can be 
used w i t h  an osc i l l oscope  o r  e l e c t r o n i c  count-  
e r  f o r  checking audio o s c i l l a t o r s ,  musical  
ins t ruments ,  and o the r  devices t h a t  opera te  a t  
low f requenc ies .  The accurac ies  ob ta inab le  
a re  u s u a l l y  s a t i s f a c t o r y  f o r  these appl  i c a -  
t i o n s  b u t  would n o t  be s u f f i c i e n t  f o r  s e t t i n g  
a c r y s t a l  o s c i l l a t o r .  

I n  t h e  m a t e r i a l  t h a t  f o l l o w s ,  several  
c a l i b r a t i o n  methods a re  discussed. Genera l l y ,  
WWV-type s i g n a l s  a r e  used t o  c a l i b r a t e  lower 
accuracy f requency sources w i t h  1 p a r t  i n  l o 7  
be ing  about t h e  l i m i t  under good cond i t i ons .  
Also,  t h e  HF r a d i o  se rv i ces  l e n d  themselves 
w e l l  t o  t h e  user  who i s  w i l l i n g  t o  t u r n  t h e  
knob and change h i s  o s c i l l a t o r  frequency. 
These methods a re  b e s t  used t o  s e t  two sources 
equal  r a t h e r  than  t o  measure t h e  numerical  
d i f f e r e n c e  between two frequency sources. 

D i r e c t  f requency comparison o r  measure- 
ment w i t h  WWV can u s u a l l y  be accomplished t o  
about one p a r t  i n  lo6.  Th is  r e s o l u t i o n  can be 
improved by long-term (many weeks) t ime  com- 
p a r i s o n  o f  c locks  operated from a frequency 
source r a t h e r  than d i r e c t  f requency compari- 
son. Four methods o f  c a l i b r a t i n g  f requency 
sources us ing  t h e  broadcasts o f  WWV/WVH a r e  
discussed: ( 1 )  bea t  f requency method; (2)  
o s c i l l o s c o p e  L i ssa jous  p a t t e r n  method; (3) 
o s c i l l o s c o p e  p a t t e r n  d r i f t  method; and (4) 
f requency c a l i b r a t i o n s  by t ime  comparisons. 

S T A N D A R D  F R E Q U E N C Y  / B R O A D C A S T  

S Q U A R E  1 0 0  k H z  
C R Y S T A L  

G E N E  R A T O R  O S C I L L A T O R  

S Q U A R E  W A V E /  
1 O O k H z  

FIGURE 5.27. EQUIPMENT SETUP FOR BEAT FREQUENCY METHOD OF CALIBRATION. 
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5.5 .1  BEAT FREQUENCY METHOD 

The bea t  f requency o r  heterodyne method 
o f  f requency comparison w i t h  s tandard  r a d i o  
f requenc ies  i s  a s imp le  techn ique commonly 
used by r a d i o  opera tors  t o  c a l i b r a t e  t rans -  
m i t t e r s  and tune rece ive rs .  A f requency o f f -  
s e t  o f  about 1 p a r t  i n  lo6 can be a c c u r a t e l y  
determined. Thus, a 1 MHz s i g n a l  t h a t  i s  
c a l i b r a t e d  i n  t h i s  way can have an expected 
e r r o r  o f  1 Hz. 

F igu re  5.27 shows an arrangement f o r  
c a l i b r a t i n g  a 100 kHz o s c i l l a t o r .  A 100 kHz 
s i g n a l  c o n t a i n i n g  harmonics i s  coupled t o  t h e  
r e c e i v e r  i n p u t  a long w i t h  t h e  WV s igna l  f rom 
t h e  antenna. 

Th is  method works by he terodyn ing  o r  
m ix ing  a known and accura te  f requency (e.g., 
WWV RF s i g n a l )  w i t h  t h e  ou tpu t  o f  an o s c i l -  
l a t o r .  The m ix ing  i s  accomplished by t h e  con- 
v e r t e r  c i r c u i t  i n  any superheterodyne rece ive r .  
The d i f f e r e n c e  frequency o f  t h e  two RF s i g n a l s  
can be a m p l i f i e d  and detected. The r e s u l t  i s  
an audio ou tpu t  s i g n a l  c a l l e d  t h e  beat  f r e -  
quency o r  bea t  note.  

The frequency o f  t h i s  bea t  no te  i s  t he  
d i f f e r e n c e  o f  t h e  two i n p u t  f requenc ies .  When 
t h e  two f requenc ies  a r e  made equal ,  t h e i r  d i f -  
ference decreases t o  zero  and i s  c a l l e d  "zero  
beat."  When zero  bea t  i s  reached, t h e  o s c i l -  
l a t o r  i s  equal i n  frequency t o  t h e  WWV f r e -  
que ncy . 

To c a l i b r a t e  a f requency source o r  c r y s t a l  
o s c i l l a t o r  w i t h  an ou tpu t  f requency lower  than  
t h a t  broadcast by  WWV, t h e  c o r r e c t  harmonic 
equal t o  t h e  WWV s i g n a l  i s  requ i red .  For  
example, i f  a 100 kHz s i g n a l  i s  t o  be c a l i -  
b ra ted  w i t h  the  WV 5 MHz c a r r i e r  f requency, 
then i t  must a l s o  c o n t a i n  a harmonic f i f t y  
t imes i t s e l f .  Thus, a s i g n a l  t o  be c a l i b r a t e d  
must be a submu l t i p le  o f  t h e  WV c a r r i e r  
frequency. 

T h e o r e t i c a l l y ,  a s i n e  wave does n o t  con- 
t a i n  any harmonics. I n  p r a c t i c e ,  though, a l l  
s i n e  wave s i g n a l s  c o n t a i n  s u f f i c i e n t  harmonics 
t o  produce a bea t  note. A square wave s i g n a l ,  

R 

on t h e  o t h e r  hand, i s  ve ry  r i c h  i n  harmonic 
conten t  and i s  i d e a l  f o r  generat ing harmonics 
t o  c a l i b r a t e  rece ive rs  and t r a n s m i t t e r s  i n  t h e  
HF and VHF band. 

A s imp le  method o f  genera t ing  a square 
wave from a s i n e  wave i s  by c l i p p i n g  t h e  s ig -  
na l  w i t h  a d iode c l i p p i n g  c i r cu i t - - shown i n  
f i g u r e  5.28. To o b t a i n  a s t r o n g  harmonic s i g -  
na l  f o r  beat  notes requ i res  a l a r g e  ampl i tude 
s i g n a l  t o  produce heavy c l i pp ing .  A b e t t e r  
method i s  t o  d i g i t a l l y  c o n d i t i o n  t h e  100 kHz 
s i g n a l  t o  produce square waves. 

If t h e  r e c e i v e r  i n p u t  impedance i s  low 
(50 -100 ohms), a 10 t o  20 p i c o f a r a d  ( p f )  
c a p a c i t o r  can be used t o  coup le  t h e  h i g h  f r e -  
quency harmonic t o  t h e  r e c e i v e r  i n p u t  and t o  
reduce t h e  l e v e l  o f  t h e  lower  fundamental f r e -  
quency. I f  t h e  r e c e i v e r  has a h i g h  i n p u t  i m -  
pedance wi th  unsh ie lded l e a d - i n  w i r e  f rom t h e  
antenna, t h e  harmonic s i g n a l  can be l o o s e l y  
coupled t o  t h e  r e c e i v e r  i n p u t  by wrapping a 
few t u r n s  o f  an i n s u l a t e d  w i r e  around t h e  an- 
tenna l e a d - i n  and connect ing  i t  d i r e c t l y  t o  
t h e  ou tpu t  o f  t h e  o s c i l l a t o r .  For rece ive rs  
w i t h  b u i l t - i n  o r  whip antennas, you must 
exper iment t o  f i n d  a way t o  i n j e c t  t h e  
osc i  1 l a t o r  s igna l .  

Using harmonics o f  t h e  o s c i l l a t o r  be ing  
c a l i b r a t e d  makes i t  necessary t o  know t h e  re -  
l a t i o n s h i p  between t h e  osc i  1 l a t o r  e r r o r  and 
t h e  bea t  no te  t h a t  i s  measured d u r i n g  c a l i b r a -  
t i o n .  L e t  t h e  o s c i l l a t o r  ou tpu t  be designated 
as fF. Th is  i s  made up o f  two components, t h e  

c o r r e c t  f requency fo, p l u s  an e r r o r  t h a t  we 
can designate as Af .  So: 

f F = fo + A f .  

A harmonic o f  t h i s  o s c i l l a t o r  s i g n a l  ( w r i t t e n  
N f F )  w i l l  bea t  aga ins t  t h e  c a r r i e r ,  fC. The 

r e s u l t i n g  bea t  no te  fB i s  t h e  d i f f e r e n c e  

between t h e  two, w r i t t e n  as: 

fB = fC - N f  F 

( S I N E  I N P U T  W A V E )  ;--; ( S Q U A R E  O U T P U T  W A V E )  

CR1, CR2 = I N 2 7 0 ,  1N34 

FIGURE 5.28. DIODE CLIPPING CIRCUIT TO PRODUCE HARMONICS FROM A PURE S I N E  WAVE SIGNAL. 

97 



The bars  mean t h a t  a negat ive  s i g n  i n  t h e  
answer i s  ignored;  t h a t  i s ,  t h e  answer i s  
always a p o s i t i v e  number. 

t h e  second: 
Now s u b s t i t u t e  t h e  f i r s t  equat ion  i n t o  

fB = fC - N f o  - N A f F  . 

But  N f o  equals fC. 
by N. So: 

Tha t ' s  why we m u l t i p l i e d  

fB = NAf, o r  

I 

A f = r ,  'B 

which says t h a t  t h e  e r r o r  equals t h e  bea t  t h a t  
we hear d i v i d e d  by N. For example, i f  a bea t  
f requency o f  100 Hz were measured between t h e  
WWV 5 MHz s i g n a l  and t h e  50 th  harmonic o f  a 
100 kHz o s c i l l a t o r  s i g n a l ,  t h e  f requency e r r o r  
o f  t h e  100 kHz s i g n a l  would be: 

The o s c i l l a t o r  f requency i s  i n  e r r o r  by  2 
Hz. To determine whether t h e  o s c i l l a t o r  i s  
h i g h  o r  low i n  f requency, t h e  o s c i l l a t o r  
f requency has t o  be changed t o  no te  which way 
t h e  bea t  f requency decreases. I f  i n c r e a s i n g  
t h e  o s c i l l a t o r  f requency decreases t h e  bea t  
note,  i t  i n d i c a t e s  t h a t  t h e  o s c i l l a t o r  f r e -  
quency i s  lower  than t h e  WWV/WWVH frequency. 

I n  a r e c e i v e r  w i t h  no tuned RF a m p l i f i e r  
between t h e  mixer  stage and t h e  antenna i n p u t ,  
a low frequency s i n e  wave s i g n a l  can e n t e r  t h e  
m ixe r  stage d i r e c t l y  and generate unwanted 
harmonics and confus ing  bea t  notes due t o  t h e  
non l i nea r  c h a r a c t e r i s t i c s  o f  a mixer  c i r c u i t .  
However, a good communications r e c e i v e r  o r  a 
special-purpose WWV r e c e i v e r  g e n e r a l l y  has 
tuned RF a m p l i f i e r  stages o r  p r e s e l e c t o r s  
be fo re  i t s  f i r s t  m ixer  stage. Then, o n l y  t h e  
des i red  beat  no te  from two i n p u t  s i g n a l s  i s  
produced. 

I f  t h e  bea t  no te  i s  above 50 Hz, head- 
phones, a speaker, o r  a counter  can be used. 
Below t h a t  frequency, a dc o s c i l l o s c o p e  can be 
connected t o  t h e  r e c e i v e r  de tec to r .  A s i g n a l  
s t r e n g t h  meter can be used and t h e  beats  
counted v i s u a l l y .  The automat ic ga in  c o n t r o l  
(AGC) shou ld  be d i sab led ,  if poss ib le ,  f o r  t h e  
meter f l u c t u a t i o n s  t o  be more no t i ceab le .  The 
manual RF g a i n  can be ad jus ted  t o  compensate 
f o r  loss o f  t h e  AGC. 

To c o r r e c t  t h e  o s c i l l a t o r  frequency, t h e  
adjustment knob i s  t u rned  i n  t h e  d i r e c t i o n  

which lowers  t h e  f requency o f  t h e  bea t  note. 
Between 50 Hz and about 1 Hz, t h e  bea t  no te  
cannot be heard and t h e  s i g n a l  s t r e n g t h  meter 
w i l l  beg in  t o  respond t o  t h e  bea t  no te  as i t  
approaches 1 Hz. As zero  bea t  i s  approached, 
a ve ry  s low r i s e  and f a l l  o f  t h e  background 
no ise  o r  t h e  WWV audio tone can a l s o  be heard 
on t h e  speaker. The meter e f f e c t  i s  much 
e a s i e r  t o  f o l l o w .  As i t  approaches zero  beat ,  
t h e  ve ry  s low r i s e  and f a l l  o f  t h e  s i g n a l  
s t r e n g t h  may sometimes become d i f f i c u l t  t o  
d i s t i n g u i s h  f rom s i g n a l  fad ing  due t o  propa- 
g a t i o n  e f f e c t s .  

To overcome f a d i n g  e f f e c t s ,  t h e  o s c i l l a -  
t o r  adjustment can be i n t e r p o l a t e d .  F i r s t ,  
a d j u s t  t h e  o s c i l l a t o r  t o  a minimum bea t  f r e -  
quency t h a t  can be measured w i t h o u t  i n t e r f e r -  
ence. For accuracy, count  t h e  number o f  de- 
f l e c t i o n s  o f  t h e  s i g n a l  s t r e n g t h  meter i n  10 
seconds. The s e t t i n g  o f  t h e  f requency ad jus t -  
ment i s  t hen  marked. The adjustment i s  then 
made t o  pass zero  bea t  u n t i l  t h e  bea t  i s  aga in  
v i s i b l e  on t h e  meter. By o b t a i n i n g  t h e  same 
number o f  meter d e f l e c t i o n s  as t h e  p rev ious  
bea t  no te ,  t h e  f requency can be s e t  midway 
between t h e  two adjustments. 

The frequency o f  c r y s t a l  o s c i l l a t o r s  
changes w i t h  t ime. Th is  i s  commonly r e f e r r e d  
t o  as t h e  ag ing  o r  d r i f t  r a t e .  There fore ,  a l l  
c r y s t a l  o s c i l l a t o r s  must be r e c a l i b r a t e d  p e r i -  
o d i c a l l y  i f  maximum accuracy i s  des i red .  

5.5.2 OSCILLOSCOPE LISSAJOUS PATTERN METHOD 

Audio osc i  1 l a t o r s  can be c a l  i b r a t e d  by  
us ing  WWV/WWVH audio tones t o  produce L issa-  
j ous  p a t t e r n s  on an osc i l l oscope .  L i ssa jous  
p a t t e r n s  a re  f u l l y  discussed i n  Chapter 3. 
The WWV audio s i g n a l  i s  a p p l i e d  t o  t h e  v e r t i -  
c a l  i n p u t  o f  t h e  scope and t h e  o s c i l l a t o r  
s i g n a l  t o  be c a l i b r a t e d  i s  used t o  d r i v e  t h e  
h o r i z o n t a l  amp1 i f  i e r .  The r e s u l t a n t  p a t t e r n  
t e l l s  t h e  user two th ings :  (1) t h e  f requency 
r a t i o  between h i s  o s c i l l a t o r  s e t t i n g  and t h e  
rece ived  tone, and (2) movement o f  t h e  o s c i l -  
l a t o r  r e l a t i v e  t o  WWV. 

The tones a v a i l a b l e  on WWV nd WWVH a re  
ma in l y  500 and 600 Hz. CHU t r a n s m i t s  1 kHz 
t i c k s  t h a t  l a s t  f o r  about one - th i rd  second. 
I f  these a r e  used, t hey  w i l l  produce an o s c i l -  
loscope p a t t e r n  a t  t h e  t i c k  r a t e ;  i . e . ,  once 
p e r  second. Even t h e  WWV/WWVH t i c k s  can be 
used t h i s  way. Most impor tan t ,  t h e  user  
should be aware o f  t h e  exac t  fo rmat  be ing  
broadcast t o  avo id  making e r r o r s .  Th i s  can be 
a problem because WWV and WWVH sw i t ch  between 
500 and 600 Hz i n  a l t e r n a t e  minutes and t h e  
440 Hz i s  used f o r  o n l y  one minute every  hour. 

I n  a t y p i c a l  a p p l i c a t i o n ,  t h e  user w i l l  
be a b l e  t o  check t h e  accuracy o f  t h e  d i a l  
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opera t ion .  F i r s t ,  he p i c k s  a d i a l  s e t t i n g  
g i v i n g  a frequency r a t i o  t o  a WWV tone  t h a t  i s  
an i n tege r .  Then he t u r n s  t h e  d i a l  s low ly  
u n t i l  t h e  p a t t e r n  i s  s t a t i o n a r y .  By read ing  
t h e  d i a l  s e t t i n g ,  a c a l i b r a t i o n  can be made 
and the  d i a l  r e s e t  t o  another f requency t h a t  
i s  an i n t e g e r  r a t i o .  The same technique cou ld  
be app l i ed  t o  f i x e d  frequency sources i f  they  
a re  i n  c o r r e c t  r a t i o  t o  t h e  tones on WWV and 
WWVH. The r a t i o  o f  t h e  two f requenc ies  i s  
equal t o  the  r a t i o  o f  t h e  number o f  loops 
a long two ad jacent  edges. I f  t h e  v e r t i c a l  
i n p u t  frequency i s  known, t h e  h o r i z o n t a l  i n p u t  
frequency can be expressed by t h e  equat ion:  

NV f = - f  h Nh v '  

Where: fh = 

f =  

N =  

V 

V 

Nh = 

h o r i z o n t a l  i n p u t  frequency 

v e r t i c a l  i n p u t  frequency 

number o f  loops on t h e  v e r t i c a l  
edge 

number o f  loops on t h e  h o r i -  
zon ta l  edge 

VERTICAL INPUT: WWVH 500 Hz TONE 
HORIZONTAL INPUT: AUDIO OSCILLATOR 

600 Hz TONE 

FIGURE 5.29. OSCILLOSCOPE DISPLAY SHOWING 
L I S S A J O U S  PATTERN. 

The p a t t e r n  shown i n  f i g u r e  5.29 has f i v e  
loops on the  h o r i z o n t a l  edge and s i x  loops on 
the  v e r t i c a l  edge. The v e r t i c a l  i n p u t  f r e -  
quency i s  t he  WWVH 500 Hz tone. To determine 
the  h o r i z o n t a l  i n p u t  f requency, t h e  known 
values a re  s u b s t i t u t e d  i n  t h e  above equat ion  
and t h e  r e s u l t  i s :  

6 
h 5  f = - x 500 = 600 Hz. 

Therefore,  t h e  h o r i z o n t a l  i n p u t  frequency i s  
600 Hz. 

It i s  p o s s i b l e  t o  c a l i b r a t e  over a ten-  
to-one range i n  frequency b o t h  upwards and 
downwards from t h e  530 and 600 Hz audio tones 
t r a n s m i t t e d  by WWV and WWVH; t h a t  i s ,  f rom 50 
Hz t o  6 kHz. However, n o t  a l l  f requenc ies  
between them can be c a l i b r a t e d  w i t h  t h e  500 
and 600 Hz tones because n o t  a l l  f requenc ies  
have a r a t i o  o f  i n t e g e r s  w i t h  l e s s  than the  
number t e n  i n  t h e  numerator and denominator. 
For  example, a f requency o f  130 Hz compared 
w i t h  t h e  500 Hz tone would g i v e  a r a t i o  o f  
50:13. It would be imposs ib le  t o  count 50 
loops on t h e  h o r i z o n t a l  edge. But  a frequency 
r a t i o  o f  500 Hz t o  125 Hz i s  p o s s i b l e  because 
t h e r e  w i l l  be f o u r  loops on t h e  h o r i z o n t a l  
edge and o n l y  one loop on the  v e r t i c a l  edge o r  
a r a t i o  o f  4 : l .  A frequency r a t i o  o f  1 : l  pro- 
duces a l e s s  complex p a t t e r n  o f  a t i l t e d  l i n e ,  
c i r c l e ,  o r  e l l i p s e .  

I f  the  f requenc ies  a re  e x a c t l y  equal ,  t h e  
f i g u r e  w i l l  remaiv s t a t i o n a r y .  I f  one f r e -  
quency i s  d i f f e r e n t  f rom t h e  o the r ,  t h e  f i g u r e  
w i l l  n o t  remain s t a t i o n a r y  b u t  w i l l  " r o t a t e . "  
Because one complete " r o t a t i o n "  o f  t h e  f i g u r e  
i s  equal t o  one cyc le ,  t h e  number o f  cyc les  
pe r  u n i t  o f  t ime i s  t h e  frequency e r r o r .  

For example: I f  a L issa jous  f i g u r e  takes  
t e n  seconds t o  " r o t a t e "  through one c y c l e  and 
t h e  frequency be ing  compared i s  600 Hz, t h e  
frequency e r r o r  i s :  

1 

T 10 
Of = - = 1 = 0.1 Hz 

R e l a t i v e  = nf = 0.1 = , . 7  10-4 F =  
Frequency f 600 

Since t h e  e r r o r  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  
t h e  t ime i t  takes t o  complete one cyc le ,  i t  i s  
obvious t h a t  t he  longer  i t  takes  t o  complete a 
cyc le ,  t he  sma l le r  t h e  e r r o r  w i l l  be. 

The measurement accuracy o f  a L issa jous  
p a t t e r n  by the  comparison method descr ibed 
above i s  i n v e r s e l y  p r o p o r t i o n a l  t o  the  f r e -  
quency. For example, i f  the  t ime r e q u i r e d  f o r  
a L issa jous  f i g u r e  t o  " r o t a t e "  through one 
c y c l e  i s  t e n  seconds a t  a frequency o f  1 MHz: 

O f  F = R e l a t i v e  Frequency = - 
f 

I f ,  ins tead  o f  measuring a t  1 MHz, we observe 
t h e  L issa jous  p a t t e r n  a t  1 kHz: 



and t h e  observa t ion  t ime  would be: 

1 1  T = - = - = 10,000 seconds 
Af  

Thus, i t  would take  t o o  l o n g  t o  measure s i g -  
n a l s  w i t h  r e l a t i v e  f requenc ies  o f  l e s s  than 
1 x a t  1 kHz. A more accura te  method 
which measures t h e  phase s h i f t  on an o s c i l l o -  
scope w i  11 be discussed nex t .  

5.5.3 OSCILLOSCOPE PATTERN DRIFT METHOD 

The o s c i l l o s c o p e  p a t t e r n  d r i f t  method i s  
good f o r  comparing two f requenc ies  i f  you have 
an osc i l l oscope  w i t h  ex te rna l  t r i g g e r i n g .  I t  
can d e t e c t  sma l le r  f requency d i f f e r e n c e s  than 
t h e  L i ssa jous  p a t t e r n  a t  audio f requencies.  

The method c o n s i s t s  o f  an o s c i l l o s c o p e  
w i t h  an accu ra te l y  c a l i b r a t e d  sweep t ime  base. 
Ex te rna l  t r i g g e r i n g  i s  ob ta ined from t h e  s i g -  
na l  t o  be c a l i b r a t e d .  Th is  s i g n a l  can be any 
i n t e g e r  submu l t i p le  o f  t h e  tone be ing  rece ived  
from WWV/WWVH. The r e c e i v e r  ( tuned t o  W) has 
i t s  audio ou tpu t  connected t o  t h e  v e r t i c a l  
i n p u t  o f  t h e  osc i l l oscope .  W i th  t h e  sweep 

INITIAL I IFINAL 

I I  
VERTICAL SIGNAL: WWVH 600 Hz TONE 
TRIGGER: AUDIO OSCILLATOR 

SWEEP RATE: 100 M I C R O S E C O N D S / D I V I S I O N  
IN IT IAL ZERO CROSSOVER: 530 MICROSECONDS 
FINAL ZERO CROSSOVER: 680 MICROSECONDS 
PERIOD OF MEASUREMENT: 10 SECONDS 
TOTAL PHASE SHIFT: +150 MICROSECONDS 

600 Hz TONE 

+150 x = +1.5 -5 F =  
10 

r a t e  s e t  a t  1 m i l l i s e c o n d / d i v i s i o n ,  t h e  FIGURE 5.30. OSCILLOSCOPE DISPLAY USING 
t r i g g e r  l e v e l  i s  ad jus ted  so t h a t  a zero  PATTERN DRIFT METHOD. 
c rossover  o f  t h e  corresponding 600 o r  500 Hz 
s i g n a l  i s  near midsca le  on t he  scope. 

By measuring t h e  phase d r i f t  d u r i n g  a 5.5.4 FREQUENCY CALIBRATIONS BY TIME 
g i ven  t ime  i n t e r v a l ,  t h e  f requency e r r o r -  i s  
determined. I f  t h e  zero c rossover  moves t o  

COMPARISON OF CLOCKS 

For  those users who a re  s e t  up t o  recover  t h e  r i g h t ,  t h e  aud io  s i g n a l  f requency i s  
h ighe r  than t h e  WWV s i g n a l ,  and i f  i t  moves t o  and maintain time from WWv or WWVH, ,.here is 
the left, the is lower in frequency an a l t e r n a t e  way t o  c a l i b r a t e  t h e  f requency o f  

t h e  o s c i l l a t o r  d r i v i n a  t h e  c lock .  Th is  i s  ( f i g .  5.30). 
s imp ly  t o  reco rd  t h e  t ime  d i f f e r e n c e s  from day 

For if during a count Of  lo t o  day and then  c a l c u l a t e  t h e  f requency r a t e .  seconds a t  500 Hz, t h e  zero  c rossover  advanced The operation is analogous to telling your 

r e l a t i v e  f requency i s :  seconds a day. He then a d j u s t s  the  r a t e  t o  
from left to r i g h t  by O e l  m i l l i s e c o n d ,  t h e  j ewe le r  t h a t  you r  watch ga ins  o r  loses  so many 

compensate. 

hase d r i f t  - +0.1 x = +1 -5 , The opera t i on  proceeds something l i k e  
t h i s .  Each day, no te  t h e  amount t h e  c l o c k  

t ime  i n t e r v a l  10 o u t p u t  d i f f e r s  from WWV. Then keep an accu- 
r a t e  reco rd  o f  t h e  h i s t o r y  o f  t h e  o s c i l l a t o r  
i n  terms o f  t h e  t ime  gained o r  l o s t  w i t h  r e -  

and t h e  frequency d i f f e r e n c e  i s  spec t  t o  WWV t i c k s .  To g e t  accura te  data,  
read ings  from severa l  days should be averaged. 

For example: I f  t h e  t ime  e r r o r  averaged 
o u t  t o  be 1 m i l l i s e c o n d  p e r  day (say f o r  a 5- 
day pe r iod ) ,  then you cou ld  compute t h e  f r e -  
quency o f f s e t  by n o t i n g  t h a t  (see Chapter 3): 

F =  - 

A f  = f x 1 x = 500 x = +0.005 Hz. 

There fore ,  t h e  500 Hz s i g n a l  has an e r r o r  o f  
+0.005 Hz. Under i d e a l  cond i t i ons ,  a r e l a t i v e  
f requency o f  1 p a r t  i n  l o 6  can be determined a f = - a t  
by i n c r e a s i n g  t h e  obse rva t i on  t ime.  f T 
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which s imp ly  says t h a t  t he  t ime l o s t  o r  gained pa th ,  b u t  f o r  HF waves o f  t h e  t ype  t r a n s m i t t e d  
by a c l o c k  whose o s c i l l a t o r  i s  runn ing  a t  f re -  by WWV and CHU, i t  probab ly  i s n ' t  wor th  t h e  
quency f i s  p r o p o r t i o n a l  t o  t h e  frequency e f f o r t .  The reason f o r  t h i s  i s  t h a t  a t  any 
e r r o r .  I n  our  example, p u t t i n g  a l l  t h e  terms p a r t i c u l a r  t ime,  the  pa th  may n o t  be a t  i t s  
i n  t h e  same u n i t s  ( i n  t h i s  case, seconds) we average value. Since t h e  pa th  i s  c o n s t a n t l y  
ge t :  changing by smal l  amounts, i t  would n o t  pay t o  

t r y  t o  measure i t  w i t h  g r e a t  exactness. 

= 5 x s t ime  e r r o r  
T 5 x 86,400 s 

F,  t h e  r e l a t i v e  frequency o f  t h i s  o s c i l l a t o r  
would be -1.2 x So an o s c i l l a t o r  t h a t  
i s  o f f  frequency by about a p a r t  i n  lo8 would 
g a i n  o r  l ose  about a m i l l i s e c o n d  a day. Using 
the  techniques o u t l i n e d  i n  t h e  s e c t i o n  on t ime 
checking, t h i s  m i l l i s e c o n d  e r r o r  would be 
q u i t e  v i s i b l e  t o  a user. 

For those users who want t ime w i t h  t h e  
b e s t  p o s s i b l e  accuracy and who need a method 
f o r  c a l c u l a t i n g  the  pa th  delay,  t h e  f o l l o w i n g  
methods w i l l  work. The new hand-held ca l cu la -  
t o r s  t h a t  a re  a v a i l a b l e  w i l l  g r e a t l y  a s s i s t  i n  
t h e  computations. However, t h e  math can be 
done w i t h  a s l i d e  r u l e  o r  a book o f  t ab les .  
Some examples are  g iven t o  he lp  i n  t h e  
s o l u t i o n .  

5 .6 .1  GREAT CIRCLE DISTANCE CALCULATIONS 

Using f i g u r e  5 .31  as a re fe rence:  

A and B a re  two p o i n t s  on t h e  ear th .  

Pole i s  one o f  t h e  two po les ,  Nor th  or 
South. 

Th is  example i l l u s t r a t e s  t h a t  t h i s  tech- 
n ique cou ld  be extended t o  o the r  l e v e l s  o f  
accuracy. I n  f a c t ,  da ta  have been ob ta ined 
t h a t  a l l o w  WWV s i g n a l s  t o  be used f o r  c a l i b r a -  
t i o n s  approaching a p a r t  i n  1 O 1 O .  

LA 

LB 

LOA 

LOB 

= L a t i t u d e  a t  p o i n t  A. 

= L a t i t u d e  a t  p o i n t  B. 

= Longi tude a t  p o i n t  A. 

= Longi tude a t  p o i n t  B. 

We can use our  example t o  i l l u s t r a t e  
another s ide  o f  t h e  t ime/frequency problem; 
namely, how t o  s p e c i f y  frequency e r r o r .  Assum- 
i n g  t h a t  our  answer was one p a r t  i n  l o 8 ,  we 
can w r i t e  i t  mathemat ica l l y  as 1 x and 
( i f  the  o s c i l l a t o r  were 100 kHz and h i g h  i n  
f requency) our  ac tua l  numerical  frequency 
would be 100,000.001 he r t z .  Th is  can a l s o  be 
w r i t t e n  as 0.000001% frequency e r r o r .  

P = LOA - LOB. 

I n  summary then, f requency c a l i b r a t i o n s  
can be made by reco rd ing  o n l y  the  t ime e r r o r  
produced by an o s c i l l a t o r .  Th i s  techn ique i s  
recommended f o r  lower q u a l i t y  o s c i l l a t o r s  and 
f o r  s i t u a t i o n s  where the  user i s  a l ready  mea- 
s u r i n g  t ime  o f  day from WV f o r  some o t h e r  
reason. 

5.6 F INDING THE PROPAGATION PATH DELAY 

The problem o f  f i n d i n g  the  r a d i o  propaga- 
t i o n  pa th  de lay  i s  twofo ld .  F i r s t ,  t he  g r e a t  
c i r c l e  (curved) d i s tance  must be found between 
t h e  t r a n s m i t t e r  and rece ive r .  Second, t h e  
number o f  t imes the  s igna l  bounces from iono- 
sphere t o  e a r t h  (hops) must be known. Wi th  
these two f a c t s ,  we can so l ve  f o r  t he  t o t a l  
pa th  delay.  The accuracy we can expect w i l l  
be somewhere around a m i l l i second .  We would 
be hard p u t  t o  improve t h a t  f i g u r e  very  much. 
For groundwave s igna ls  a t  ve ry  low frequen- FIGURE 5.31. DIAGRAM FOR GREAT CIRCLE 
c i e s ,  we cou ld  c a r r y  a c l o c k  and c a l i b r a t e  t h e  

G R E A T  C I R C L E  D I S T A N C E  

0 
d g  

DISTANCE CALCULATIONS. 
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PROBLEM: Using t h e  above in fo rma t ion ,  f i n d  
t h e  g r e a t  c i r c l e  d i s tance  (dg) i n  
n a u t i c a l  m i l e s  between t h e  two 
p o i n t s  A and B. A l l  angles are 
g i ven  i n  degrees. 

For p o i n t s  A and B on t h e  same s i d e  

o f  t h e  equator:  

dg = 60  COS-^ (COS LA cos LB COS P 

+ s i n  LA s i n  LB) n a u t i c a l  m i l es .  

For  p o i n t s  A and B on oppos i te  s ides 

o f  t h e  equator:  

dg = 60  COS-^ (COS LA cos LB COS P 

- s i n  LA s i n  LB) n a u t i c a l  mi les.  

CONVERSION TO STATUTE MILES AND KILOMETERS: 

1.151 x n a u t i c a l  m i l e s  = s t a t u t e  m i les .  

1.8522 x n a u t i c a l  m i l e s  = k i l omete rs .  

EXAMPLE: F i n d  the  g rea t  c i r c l e  d i s tance  from 
r a d i o  s t a t i o n  WWVH, Kauai, Hawaii 
( p o i n t  A) t o  WWV, F o r t  C o l l i n s ,  
Colorado ( p o i n t  B) i n  s t a t u t e  m i l e s  
and k i lometers.  

The coord inates o f  t h e  two s t a t i o n s  are:  

L a t i  tude Longi tude 

LA = 21°59126'1 N 

LB = 4Oo4O149" N 

Then, P = 159'46'00" - 105°02'27" = 54'43'33" 

LOA = 159°46100" W 

LOB = 105'02'27" W 

SOLUTION: Taking s ines and cosines: 

s i n  LA = 0.37445 

s i n  LB = 0.65184 

cos LA = 0.92725 

cos LB = 0.75836 

cos P = 0.57749 

dg = 60 cos-' C(0.92725 x 0.75836 x 0.57749) 

+ (0.37445 x 0.65184)] 

= 60 cos-' C(0.40608) + (0.24408)] 

= 60 cos-' 0.6501 7 = 60 x 49.44586 

= 2966.75 n a u t i c a l  m i l e s  

= 3414.73 s t a t u t e  m i l e s  

= 5495.00 k i  1 ometers 

5.6.2 PROPAGATION DELAYS 

The delay o f  h i g h  frequency r a d i o  waves 
depends on many f a c t o r s .  The h e i g h t  o f  t h e  
ionosphere and t h e  d i s tance  between transmi t- 
t e r  and r e c e i v e r  a re  impor tant .  Knowing t h e  
exact  number o f  hops i s  impor tant ;  o therwise,  
e r r o r s  o f  f rom 0.5 t o  1 m i l l i s e c o n d  can occur. 

The ionosphere i s  made up o f  a number o f  
l a y e r s  whose a c t u a l  h e i g h t  v a r i e s  bo th  d a i l y  
and seasonal ly.  Th is  changes t h e  pa th  delay a 
l o t  i f  t h e  r e c e i v e r  and t r a n s m i t t e r  a re  c l o s e  
t o  each o the r .  Much o f  t h e  t ime, such changes 
a re  n o t  impor tan t  t o  the  person who wants t o  
g e t  t ime  in fo rma t ion ,  b u t  i f  you a re  concerned 
w i t h  e r r o r s  o f  about 300 microseconds, you 
must take  care t o  account f o r  a l l  delays.  

Since t h e  e a r t h  i s  round, t h e r e  i s  a max- 
imum ground d i s tance  a s i n g l e  hop can span 
( f i g .  5.33). Th i s  i s  about 4000 k i l omete rs  o r  
2200 mi les.  For g r e a t e r  d is tances,  t h e  r a d i o  
waves must obv ious l y  be r e f l e c t e d  a number o f  
t imes. Any e r r o r  i n  the  wave pa th  computat ion 
f o r  one hop must be m u l t i p l i e d  by t h e  t o t a l  
number o f  hops. 

For minimum e r r o r ,  t h e  f requency used f o r  
r e c e p t i o n  should be se lec ted  f o r  t h e  l e a s t  
number o f  hops. This  a l s o  r e s u l t s  i n  a 
s t ronger  s i g n a l  due t o  smal ler  losses. A t  any 
p a r t i c u l a r  d i s tance ,  t h e  user must s e l e c t  t h e  
p roper  shortwave frequency from WV/WWVH so 
t h e  s i g n a l  can be received.  Some f requencies 
w i l l  pene t ra te  t h e  ionosphere and n o t  r e f l e c t .  
Other f requencies w i l l  s k i p  over t h e  user.  He 
i s  then s a i d  t o  be l o c a t e d  i n  t h e  " s k i p  d i s -  
tance" f o r  t h a t  frequency. A lower f requency 
must be se lected.  Use o f  t h e  maximum f r e -  
quency t h a t  i s  rece ivab le  assures t h e  l e a s t  
number o f  hops. This  maximum usable f requency 
i s  c a l l e d  the  MUF. A h ighe r  f requency w i l l  
s k i p  over t h e  r e c e i v i n g  s t a t i o n .  A frequency 
about 10% below t h e  MUF w i l l  p rov ide  t h e  b e s t  
recep t ion .  

For d is tances under one thousand m i les ,  
t h e  s ing le-hop mode o f  t ransmiss ion  dominates. 
For s h o r t  d is tances,  t he  h e i g h t  must be 
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es t imated  c a r e f u l l y .  For d is tances  o f  over 
1600 k i l omete rs  (1000 mi les) ,  where o n l y  a 
s ingle-hop mode o f  t ransmiss ion  occurs,  a much 
w ide r  range o f  e r r o r  i n  t h e  h e i g h t  can be 
t o l e r a t e d .  

By e s t i m a t i n g  h e i g h t  accord ing  t o  t ime  
o f  day, season, l a t i t u d e ,  and sunspot cyc le ,  
e r r o r s  can be reduced. For F2- layer  r e f l e c -  
t i o n s ,  which i s  t h e  p r i n c i p a l  l a y e r  used, 
t h e r e  a re  severa l  "averages" i n  h e i g h t  t h a t  
can be used. An average h e i g h t  o f  250 km i s  
reasonable f o r  t h e  w i n t e r  months when propa- 
g a t i o n  c o n d i t i o n s  a r e  good a t  10 MHz and 
above. I n  summer, t h e  average h e i g h t  can be 
inc reased t o  350 km. As recep t ion  aga in  
begins t o  improve i n  the  f a l l ,  t h e  es t imated  
h e i g h t  can be decreased again. Using t h i s  
approx imat ion  method, t h e  e r r o r  i n  p a t h  l e n g t h  
computat ion can be reduced cons iderab ly .  

For d is tances  from one t o  two thousand 
m i les  (3220 km), where mu l t i p le -hop  transmis- 

s i o n  occurs, t h e  method above produces e r r o r s .  
For  bes t  r e s u l t s ,  t h e  h e i g h t  must be de te r -  
mined w i t h  g rea te r  accuracy. Heights f o r  a 
p a r t i c u l a r  l a t i t u d e ,  l ong i tude ,  and t ime  o f  
day a r e  a v a i l a b l e  f rom t h e  World Data Center, 
NOAA, Department o f  Commerce, Boulder,  CO 
80303. 

By per fo rming  a s i n g l e  t ime  comparison 
w i t h  a s t a t i o n ,  t h e  p r o b a b i l i t y  o f  e r r o r  i n  
t h e  hundreds o f  microseconds becomes ve ry  
g r e a t  due t o  t h e  changes i n  propagat ion.  A 
h i g h  degree o f  accuracy f o r  a s i n g l e  measure- 
ment i s  remote. But ,  by conduct ing  measure- 
ments a t  severa l  t imes over a p e r i o d  o f  a week 
and by  averaging w i t h  methods such as t h e  
moving average method, e r r o r s  can be reduced. 

The f o l l o w i n g  equat ions f o r  de termin ing  
wave ang le  and propagat ion  t ime  de lay  have been 
s i m p l i f i e d  and a re  approximate, g i v i n g  e r r o r s  
o f  2% o r  less .  
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DEFINIT IONS OF SYMBOLS PROPAGATION TIME DELAY 

A = wave angle o r  angle o f  r a d i a t i o n  
i n  degrees. 2R s i n  0 = d 

TDp = 299.8 s i n  Q 299.89sin Q 
(R and dg i n  km) 

I$ = angle o f  inc idence i n  degrees. 

0 = 1/2 c e n t r a l  angle subtended by 
r a d i u s  R from A t o  6. 

dg = g r e a t  c i r c l e  d i s tance  from t rans -  
m i t t e r  t o  r e c e i v e r  i n  k i l omete rs .  

N = number o f  hops t o  cover d i s tance  
dg . 

d~ = g r e a t  c i r c l e  d i s tance  pe r  hop 
N ( k d h o p ) .  

h '  = v i r t u a l  h e i g h t  o f  i o n i z e d  l a y e r  
(km). 

R = 6,370 km, mean r a d i u s  o f  ea r th .  

dp = t o t a l  p ropaga t ion -d i s tance  (km). 

TD = propagat ion t ime  delay 
( m i  11 i seconds). 

Where: 
h '  0 = 90' - tan- '  ( + t a n  ) 

For  9 < 4000 km, 0 < 18 degrees: 

2Nh' 
dg 4 = 900 - tan- '  (- + (approx imate ly)  

SAMPLE CALCULATIONS 

EXAMPLE: Given: dg = 3220 km - -  
h '  = 250 km 

N = 2  

Determine wave angle A and propagat ion t ime 
delay TD 

P' 

A = tan- '  (2" + *) - 0.0045 9 = 13-25', 
dg 4RN 

WAVE ANGLE EQUATIONS 
O r ,  by t h e  approximate method: 

-1 h '  0 
2 sin e + t a n  - - 0 A = t a n  (- 

0(degrees) = & (3.14 180 ) = 0.0045 9 

For 9 < 4000 km o r  0 < 18 degrees: 

For 0 < 20 degrees: 

2Nh' 
dg 

A Z (- - &) 57.3 

, 

A Z (- 2Nh' - %)57.3 = 14.2' 
dg 

d 
TDp = 299.89sin Q 

3220 = 11.5 ms 
so: 

TD = - p 299.e s i n  69.5 

EXAMPLE: m: dg = 3220 km 
h '  = 334 km 
N = 1  
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A = tan-’ (2” + &) - 0.0045 2 = 5O 
dg 

= 11.4 ms d 
TDp = 299.8’sin I) 

Thus, t he  t ime de lay  o f  2 hops a t  250 km v i r -  
t u a l  h e i g h t  and 1 hop a t  334 km v i r t u a l  h e i g h t  
w i l l  d i f f e r  by o n l y  100 microseconds. 

5.7 THE NBS TELEPHONE TIME-OF-DAY S E R V I C E  

For those users who cannnot s e t  up a 
shortwave r e c e i v e r  f o r  WV o r  who have o the r  
d i f f i c u l t i e s ,  NBS operates a te lephone t ime- 
of-day serv ice .  Anyone who d i a l s  303-499-7111 
w i l l  hear the  very  same s i g n a l s  t h a t  a re  
broadcast over WV. The machines a t  F o r t  
C o l l i n s ,  Colorado, which generate t h e  WV 
format,  a re  connected v i a  te lephone l i n e s  t o  a 
room i n  t h e  Boulder Labora tor ies  where t h e  
telephone equipment i s  maintained. 

Th is  te lephone se rv i ce  i s  w ide l y  used, 
bo th  i n  t h e  l o c a l  Denver c a l l i n g  area and v i a  
long d is tance.  The telephone se rv i ce  can 
handle e i g h t  incoming c a l l s  s imultaneously.  
I n  a d d i t i o n ,  f o u r  l i n e s  a re  a v a i l a b l e  through 
the  government switchboard a t  Boulder f o r  use 
by o the r  government agencies. These are  on 
FTS number 323-4245. 

The ac tua l  t ime you hear on t h e  telephone 
will differ by a few milliseconds from that 
heard over WV v i a  rad io .  Th is  i s  because o f  
t h e  de lay  i n  t h e  te lephone l i n e s .  I n  a d d i t i o n ,  
i f  you are  c a l l i n g  f rom any g r e a t  d i s tance ,  
t h e  way i n  which t h e  telephone company handles 
you r  c a l l  l i m i t s  t h e  t o t a l  accuracy o f  t he  WV 
tone t o  a few h e r t z .  Th i s  means t h a t  i f  you 
a re  t r y i n g  t o  make a c a l i b r a t i o n  a t  1000 Hz, 
you cou ld  have an e r r o r  as g r e a t  as t h r e e  
cyc les  pe r  second. Th is  accuracy i s  n o t  as 
good as t h a t  which can be achieved us ing  r a d i o  
methods. Users a re  warned about t h i s  l i m i t  o f  
accuracy over t h e  telephone. 

Because t h e  telephone se rv i ce  i s  very  
o f t e n  f u l l y  u t i l i z e d ,  you may g e t  a busy s ig -  
na l .  I f  t h i s  happens, w a i t  a few minutes and 
r e d i a l .  A f t e r  your  c a l l  i s  connected, t h e  
system w i l l  a u t o m a t i c a l l y  hang up i n  t h r e e  
minutes unless you hang up f i r s t .  

5.8 SUMMARY 

As s t a t e d  e a r l y  i n  t h i s  chapter ,  HF r a d i o  
broadcasts a re  commonly used f o r  t ime  and f r e -  
quency c a l i b r a t i o n s .  Accuracies rang ing  from 
1 ms f o r  t ime-of-day t o  1 p a r t  i n  l o 7  f o r  f r e -  
quency can be obtained. The NBS te lephone 
t ime-of-day se rv i ce  can a l s o  be used when 
accuracy requirements a re  n o t  c r i t i c a l .  How- 
ever ,  i f  your  requirements a re  h igher ,  you 
should p robab ly  use one o f  t h e  o the r  methods 
discussed i n  t h e  f o l l o w i n g  chapters.  

105 



CHAPTER 6. CALIBRATIONS USING LF AND VLF R A D I O  TRANSMISSIONS 

Along wi th  t h e  w ide ly  used h i g h  frequency 
r a d i o  t ransmiss ions  o f  WWV and WVH, t h e  
Na t iona l  Bureau o f  Standards operates a f r e -  
quency and t ime  s e r v i c e  on WVB, a low f r e -  
quency (LF) r a d i o  s t a t i o n .  WVB operates a t  
60 kHz t o  take  advantage o f  t h e  s t a b l e  r a d i o  
paths i n  t h a t  f requency range. Both f requency 
and t ime  s i g n a l s  a r e  p rov ided,  b u t  no vo ice  
t ransmiss ions  a r e  made due t o  t h e  narrow band- 
w i d t h  o f  t h e  t ransmi t te r /an tenna combiaation. 
Many coun t r i es  have se rv i ces  i n  t h i s  band, 
which ranges from 30 t o  300 kHz, as w e l l  as i n  
t h e  VLF (very  low frequency) band from 3 t o  30 
kHz. I n  a d d i t i o n  t o  d i scuss ing  t h e  use o f  
WVB, t h i s  chapter  a l s o  covers o t h e r  VLF s ta -  
t i o n s  throughout t h e  wor ld .  The Loran-C ser-  
v i c e  a t  100 kHz i s  discussed i n  a Chapter 9. 

It may seem unusual t o  send s i g n a l s  i n  a 
f requency band t h a t  i s  almost i n  t h e  audio 
range, and indeed, these s i g n a l s  do pose some 
spec ia l  problems f o r  t h e  t r a n s m i t t e r  and 
rece iver -des ign  engineers.  However, low 
f requenc ies  such as t h e  60 kHz o f  WWVB a re  
used because o f  t h e i r  remarkable s t a b i l i t y .  
Radio waves a t  low f requenc ies  use t h e  e a r t h  
and t h e  ionosphere as a waveguide and f o l l o w  
t h e  e a r t h ' s  cu rva tu re  f o r  l o n g  distances. 
Accuracies o f  a p a r t  i n  10l1 o r  b e t t e r  f o r  
f requency and 500 microseconds f o r  t ime  can 
be achieved by us ing  LF o r  VLF broadcasts. 

6 . 1  ANTENNAS FOR USE AT VLF-LF 

A t  t h e  t r a n s m i t t e r s ,  i t  i s  d i f f i c u l t  t o  
r a d i a t e  h i g h  power l e v e l s .  Special  l a r g e  
antenna a r rays  a r e  used, b u t  even they  a re  
i n e f f i c i e n t .  Resonance o f  r e c e i v i n g  antennas 
i s  hard  t o  achieve because o f  t h e  low frequen- 
cy  and r e s u l t i n g  l o n g  wavelength. A channel 9 
TV antenna i s  about 2 f e e t  long. A t  60 kHz, 
an antenna ha5 t o  be al lnost 2 m i l e s  long (a 
quarter-wavelength) t o  be resonant.  Th i s  i s  
obv ious l y  imposs ib le  so a compromise must be 
made. 

Since a quarter-wavelength antenna i s  o u t  
o f  t h e  ques t ion ,  antennas t h a t  a re  e l e c t r i c a l -  
l y  " sho r t "  a re  used w i t h  t u n i n g  boxes and 
speci  a1 coup1 ers .  On v e r t i c a l  antennas, t o p  
l o a d i n g  i s  o f t e n  used. Th is  cons is t s  o f  
r a d i a l  w i res  ex tend ing  from t h e  t o p  o f  t h e  
antenna t o  t h e  ground. Often, t hey  serve as 
guys. O f  course, as w i t h  any antenna system, a 
good ground i s  e s s e n t i a l .  The phys i ca l  loca-  
t i o n  o f  antennas i s  impor tan t .  Placement w i l l  
a f f e c t  s i g n a l  s t r e n g t h  and noise.  Keep the  
antenna away from metal  ob jec ts .  Long- 
w i r e  antennas should be a t  l e a s t  15 t o  20 f e e t  

above ground. Several commercial antennas 
use p r e a m p l i f i e r s  so t h e  connect ing  coax ia l  
cab le  supp l i es  power t o  t h e  a m p l i f i e r .  I n  
those cases, care  must be taken t o  avo id  
s h o r t i n g  t h e  cable.  

Manufacturers o f  VLF-LF r a d i o  rece ive rs  
use a v a r i e t y  o f  antenna types. Long-wire 
antennas up t o  severa l  hundred f e e t  a re  a v a i l -  
able.  Whip antennas 8 t o  10 f e e t  l o n g  a re  
used where space i s  a problem. On t h e  o t h e r  
hand, a i r  loop  antennas a re  ab le  t o  r e j e c t  
i n t e r f e r e n c e  b u t  do n o t  have as much g a i n  as 
whips. Th is  i s  done by t u r n i n g  t h e  loop 
antenna so t h a t  t h e  n u l l  o f  i t s  f i g u r e  8 
p a t t e r n  i s  p o i n t e d  a t  t h e  source o f  i n t e r -  
ference. F e r r i t e  loop antennas a re  becoming 
more popu lar  s ince  they  are  ve ry  smal l  com- 
pared t o  an a i r  loop, b u t  t hey  can cause some 
unwanted phase s h i f t  due t o  temperature. I f  
you want t h e  ve ry  b e s t  phase record ,  t h e  k i n d  
o f  antenna and how i t  i s  used a re  impor tan t  
cons i d e r a t i  ons. 

A l l  o f  t h e  above antennas b e n e f i t  f rom 
hav ing  coup lers  and/or a m p l i f i e r s  i nco rpo ra ted  
i n  t h e  antenna s t r u c t u r e  t o  a l l o w  a match t o  
be made w i th  t h e  sh ie lded  antenna cable.  The 
usual p recaut ions  about p l a c i n g  antennas near 
meta l  o b j e c t s  or b u i l d i n g s  should be observed. 
Here, t h e  manufacturers '  i n s t r u c t i o n s  should 
be fo l lowed.  Many eng ineer ing  handbooks and 
antenna manual s c o n t a i n  d e t a i  1 s about antenna 
cons t ruc t i on .  

6 .2 SIGNAL FORMATS 

Even a f t e r  t h e  antenna problems a re  
solved, sending i n f o r m a t i o n  on low-frequency 
c a r r i e r s  leaves much t o  be des i red .  WVB 
sends a c a r r i e r  f o r  f requency i n f o r m a t i o n  and 
changes the  l e v e l  (-10 dec ibe l s  (dB)) o f  t h a t  
c a r r i e r  t o  t r a n s m i t  a t ime  code i n  t h e  form of 
b i n a r y  "ones" and "zeros."  The Navy VLF s ta -  
t i o n s  use on /o f f  key ing  t o  send code and some- 
t imes use f requency -sh i f t  o r  minimum-shi f t  
keying. The Omega Nav iga t i on  System sends 
o n l y  t h e  c a r r i e r .  Receivers f o r  these VLF 
s i g n a l s  u s u a l l y  " l ock "  on to  t h e  c a r r i e r  and 
thus  recover  f requency i n fo rma t ion .  I n  addi-  
t i o n ,  some means i s  p rov ided  t o  hear t h e  
s t a t i o n .  Th is  i s  u s u a l l y  j u s t  a tone ou tpu t .  
For example, i f  you were t o  l i s t e n  t o  WVB, 
you would hear t h e  one-second code segments 
as a tone t h a t  changes from l o u d  t o  s o f t .  
There a re  no vo ice  s i g n a l s  on any o f  t h e  LF 
o r  VLF s t a t i o n s .  The bandwidth used cannot 
t r a n s m i t  vo i ce  s igna ls .  Almost a l l  VLF-LF 
s t a t i o n s  a re  c o n t r o l l e d  by atomic o s c i l l a t o r s .  
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F I G U R E  6 .1 .  PHASE OF WWVB A S  R E C E I V E D  I N  MARYLAND. 

6.3 PROPAGATION CHARACTERISTICS AND OTHER 

PHASE CHANGES 

Phase records  made o f  VLF and LF s t a t i o n s  
show changes caused by  t h e  d a i l y  and seasonal 
changes i n  t h e  propagat ion  path.  Among o t h e r  
th ings ,  LF and VLF s i g n a l s  have r e g u l a r  phase 
s h i f t s .  These s h i f t s  occur when sun r i se  o r  
sunset occurs on t h e  p a t h  f rom t h e  t r a n s m i t t e r  
t o  rece ive r .  For ins tance,  as t h e  p a t h  i s  
changing from a l l  darkness t o  a l l  d a y l i g h t ,  
t h e  ionosphere lowers. Th is  shortens t h e  p a t h  
from t r a n s m i t t e r  t o  rece ive r .  Th i s  shortened 
p a t h  causes t h e  rece ived  phase t o  advance. 
Th is  phase advance cont inues  u n t i l  t h e  e n t i r e  
p a t h  i s  i n  s u n l i g h t .  The phase then s t a b i l -  
i z e s  u n t i l  e i t h e r  t h e  t r a n s m i t t e r  o r  r e c e i v e r  
en te rs  darkness. When t h i s  happens, t h e  
ionosphere begins t o  r i s e ,  causing a phase 
r e t a r d a t i o n .  F igu re  6.1 shows a s t r i p  c h a r t  
r e c o r d i n g  o f  t h e  phase o f  WWVB, F t .  C o l l i n s ,  
Colorado, as rece ived  i n  Maryland. The day/ 
n i g h t  changes' a re  e a s i l y  seen. The magnitude 
o f  t h e  change i s  a f u n c t i o n  o f  t h e  p a t h  
length ,  and t h e  r a t e  o f  t h e  change i s  a 
f u n c t i o n  o f  p a t h  d i r e c t i o n .  

A phase reco rd ing  from a s t a b l e  VLF o r  LF 
r a d i o  s t a t i o n  conta ins  a g r e a t  deal  o f  i n f o r -  
mation. The u s e r ' s  j o b  i s  t o  s o r t  o u t  t h i s  
i n f o r m a t i o n  so t h a t  he can understand what i s  
happening t o  t h e  f requency source t h a t  i s  
be ing  c a l i b r a t e d .  H is  f i r s t  assumption i s  
u s u a l l y  t h a t  t h e  s i g n a l  f rom t h e  s t a t i o n  i s  
a lmost  p e r f e c t l y  c o n t r o l l e d .  That i s ,  i t  
s t a r t s  on frequency and s tays  there .  Th is  i s  
n o t  always t rue .  E r r o r s  i n  c o n t r o l  a t  t he  
t r a n s m i t t e r  can cause l a r g e  phase s h i f t s  i n  
t h e  rece ived  s i g n a l  t h a t  would make i t  appear 
as though t h e  l o c a l  o s c i l l a t o r  were changing. 
Most s t a t i o n s  opera te  w i t h  a near p e r f e c t  
record ,  b u t  t hey  do make mistakes. Th is  hap- 
pens j u s t  o f t e n  enough so t h a t  t h e  user needs 
a d d i t i o n a l  i n f o r m a t i o n  t o  he lp  him. Th is  
i n f o r m a t i o n  takes  t h e  form of monthly o r  
weekly n o t i c e s  o f  t h e  ac tua l  phase o f  t h e  
s i g n a l .  Th is  i s  u s u a l l y  i n  terms o f  micro- 

0 
0, 
0 0 

d 

N 0 0 

seconds advance o r  r e t a r d .  A sample o f  NBS 
da ta  f o r  WWVB and o t h e r  mon i to red  s t a t i o n s  i s  
shown i n  f i g u r e  6.2.  U. S. Naval Observatory 
(USNO) da ta  f o r  i t s  s t a t i o n s  a r e  shown i n  f i g -  
u r e  6.3. These da ta  can be ob ta ined f r e e  upon 
request .  

The i m p l i c a t i o n  o f  p o s s i b l e  t r a n s m i t t i n g  
e r r o r s  t o  t h e  user i s  t h a t  he cannot h u r r y  
th rough c a l i b r a t i o n s !  C e r t a i n  p r a c t i c e s  w i t h  
respec t  t o  LF r a d i o  c a l i b r a t i o n s  a re  h i g h l y  
recommended. These i n c l u d e  c a r e f u l  a t t e n t i o n  
t o  such d e t a i l s  as r e c e i v e r  adjustments--do 
n o t  change knob s e t t i n g s  o r  cab l i ng .  Always 
opera te  t h e  equipment con t inuous ly  i f  poss i -  
b l e .  Th i s  g i ves  you a cont inuous c h a r t  reco rd  
so t h a t  you know when t o  expect sunr ise /sunset  
phase s h i f t s .  You can a l s o  d e t e c t  l o c a l  
i n t e r f e r e n c e  and no ise  cond i t i ons .  I f  you r  
r e c e i v e r  has a mechanical phase counter ,  j o t  
down t h e  readings on t h e  cha r t .  Th i s  i s  a 
g r e a t  h e l p  i n  t r y i n g  t o  r e c o n s t r u c t  events 
t h a t  happen on weekends o r  a t  n i g h t .  

A t y p i c a l  occurrence f o r  a t r a c k i n g  
r e c e i v e r  i s  t h e  c y c l e  phase s h i f t .  Since t h e  
r e c e i v e r  i s  f a i t h f u l l y  f o l l o w i n g  a zero c ros-  
s i n g  o f  t h e  rece ived  phase, i t  doesn ' t  know 
which o f  t h e  thousands o f  c ross ings  i t  i s  
l ocked t o .  I f  i t  loses  l ock ,  i t  w i l l  s imp ly  
go t o  t h e  nex t  c r o s s i n g  t h a t  comes along. On 
a phase c h a r t  t h i s  w i l l  show up as a s h i f t  i n  
phase equal t o  one c y c l e  o f  t h e  c a r r i e r .  

For WWVB a t  60 kHz, a c y c l e  o f  phase 
equals 16.67 microseconds. I f  t h e  c h a r t  
reco rde r / rece ive r  combinat ion i s  p roduc ing  a 
c h a r t  t h a t  i s  50 microseconds across, t h e  pen 
w i l l  move about 1/3 o f  t h e  way across  t h e  
c h a r t  f o r  each c y c l e  change. Such changes can 
be i d e n t i f i e d  and must be i gno red  d u r i n g  
c a l i b r a t i o n  runs. Th is  i s  due t o  t h e  f a c t  
t h a t  phase c h a r t s  a re  always ambiguous by an 
amount equal t o  t h e  p e r i o d  o f  a c a r r i e r  cyc le .  

How does t h e  user t e l l  whether t h e  re -  
corded phase d i f f e r e n c e  i n d i c a t e s  a change i n  
h i s  o s c i l l a t o r ,  t h e  pa th ,  o r  t h e  t r a n s m i t t e d  
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3. PHASE DEVIATIONS FOR WWVB AND OTHER NBS-MONITORED BROADCASTS 

W B  (60 kHz) 

Values g i v e n  f o r  WWVB a r e  t h e  t i m e  d i f f e r e n c e  between t h e  t i m e  markers o f  t h e  UTC(NBS) t i m e  s c a l e  and 
t h e  f i r s t  p o s i t i v e - g o i n g  z e r o  v o l t a g e  c r o s s o v e r  measured a t  t h e  t r a n s m i t t i n g  antenna. The u n c e r t a i n t y  
o f  i n d i v i d u a l  measurements i s  2 0.5 microsecond. Values l i s t e d  a r e  f o r  1500 UTC. 

Omega, N o r t h  Dakota (13.1 kHz) and Omega, Hawai i  (11.8 kHz) 

R e l a t i v e  phase va lues  a r e  g i v e n  f o r  VLF s t a t i o n s  and o n l y  t h e  change from t h e  p r e v i o u s  a v a i l a b l e  d a y ' s  
r e a d i n g  i s  p u b l i s h e d .  Days when t h e  d a t a  were s a t i s f a c t o r y  bu t  r e a d i n g s  were n o t  taken ( f o r  example, 
on weekends o r  s t a t i o n  maintenance days) a r e  marked (-) .  I f  d a t a  a r e  l o s t ,  c o n t i n u i t y  i s  a l s o  l o s t  
and t h e  i n d i c a t i o n  i s  (+:), wh ich  means t h a t  r e a d i n g  cannot be compared t o  the  p r e v i o u s  day. 

LORAN-C (DANA), Dana, I n d i a n a  (100 kHz) and LORAN-C (FALLON), F a l l o n ,  Nevada (IO0 kHz) 

Values f o r  Loran-C (Dana) and Loran-C ( F a l l o n )  a r e  t h e  t i m e  d i f f e r e n c e  between t h e  UTC(NBS) t i m e  p u l s e s  
and t h e  1 pps o u t p u t  o f  t h e  Loran-C r e c e i v e r .  U n c e r t a i n t y  i n  t h e  measurements i s  0.1 microsecond. 

UTC(NBS) - R E C E I V E D  PHASE ( i n  ps) JULY UTC(NBS) - WWVB (60 kHz) 
OMEGA OMEGA LORAN-c (DANA) LORAN-C (FALLON) 

MJD ANTENNA PHASE (in ( 1  1.8 kHz) (13.1 kHz) (100 kHz) (100 kHz) 

1 

2 

3 
4 
5 
6 
7 
8 

9 
10 

1 1  

12 

13 
14 
I 5  
16 
17 
18 
I9 
20 

21 

22 
23 
24 
25 
26 

43690 
43691 
43692 
43693 
43694 
43695 
43696 
43697 

43699 
43700 
43701 
43702 
43703 
43704 
43705 
43706 
43707 

43698 

43708 
43709 
43710 
4371 1 
43712 
43713 
43714 
437 15 

5.90 
5.99 
6.08 
5.98 
5.88 

5-83 
5.54 
5.61 
5.68 
5.75 
5.93 
5.66 
5.81 
5.67 
5.70 
5.72 
5.75 
5.66 
5.74 
5.79 
5.72 
5.78 
5.84 
5.90 
5.86 
5.57 

( - )  

( - )  
+ 2.5 

( -1 
- 1.5 
+ 2.3 
- 3.2 
- 8.8 

(-1 
- 9.6 
+ 6.4 
+ 4.5 
t -4.5 
+ 0.6 

( -1  
( -1  

+ 1.5 
- 3.1 
- 0.5 

- 1.0 

(- 

(-1 
+ 3.1 
- 0.8 

+ 0.2 

+ 1.0 

( -1  
(-1 

( - )  

+ 0.1 

- 0.1 

+ 0.1 

- 0.8 
(-1 
( -1  

+ 0.3 
- 0.1 

- 0.2 

+ 0.5 
0.0 

(-1 
(-1 

4. 0.3 
- 0.2 

+ 0.1 

- 0.1 

- 0.1 

(-1 
(-) 

- 0.1 

- 0.1 

-I 0.4 
+ 0.2 

( -1 
( - )  

3949.27 
( - )  

3949.42 
3949.47 
3949.42 

( - )  

( - 1  
3949.60 
3949.59 
3949.55 
3949.67 
3949.69 

( - 1  
( -1 

3949.77 
3949. a3 
3949. 85 
3949. a I 
3949.79 

( - 1  
( - )  

3949.91 
3949.96 
3950.06 

+ 0.3 

FIGURE 6.2. NBS DATA PUBLISHED I N  NBS T I M E  AND FREQUENCY B U L L E T I N .  
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U. 5. N A V A L  O B S E R V A T O R Y  
W A S H I N G T O N .  D.C. 20390 

2 6  JUL. 1979 

D A I L Y  P H A S E  V A L U E S  A N D  T I M E  D I i - r E R E N C t S  S E R I E S  4 

T H E  T A B L E  G I V E S :  U T C ( U S N 0  M C )  - T R A N S M I T T I N G  S T A T I O N  

LC/9970 LC/4990 L C / P P 3 0  
F R E Q U E N C Y  N W  P A C .  CEN.  PAC.  E .COA5T 
K H Z  ( U T C )  

M J D  
JUL. 16 44070 

17 44071  
18 44072 
19 44073 
20 44074 

21 44075 
2 2  4 '9 )7 f  
2 > , ?  / 

24 44072 
25 44079 

FRE 0; JFYCY 
KHZ ( U T C )  

M J D  
JUL. 19 44073 

20 44074 
21 44075 
22 44076 
23 44077 
24 44078 
25 44079 

100 

-1.2 

-1.3 
-1.3 
-1.4 
-1.4 

-1.3 
-1..4 
-1.3 
-i.4 
-1.3 

L C / 5 9 9 0  
W.C.CAN 

100 

2.2 
2.2 
2.1 

2.1 
- 
- - 

100  100 

C.7 2.93 
0.5 2.93 
0 .s 2 e 8 8  
0.5 2.86 
0.5 2.85 

0.6 2.87 
0.6 2.83 
0.6 2.90 
0.6 2.88 - 2.88 

3 
LC/7960 O / H  
G U L F  A K  11.8 

1 0 0  25MSt 

1.8 9 7 5  
1.8 754 
1.5 0 -  

? .6 9: 
1.7 953 
1.7 953 
- 954 

L L / 7 9 7 0  
NOR. S E A  

100 

-2.2 
-2 - 4  
-2.4 
-2.4 
-2.5 

-2.3 

-2.2 
-2.7 

- 

- 

1 
O/ND 
13.1 
6MS+ 

425 
425 
424 
425 
425 
426 
425 

L C I 7 9 Y O  
MEO. S E A  

100 

0.2 
0.1 
0.1 
0.1 
0.0 

0.2 

0.3 
0.4 

- 

- 

7 5 
U / N D  O / A  
13.6 13.6 
6MS+ 30MS+ 

421 576 
421 576 
421 576 
421 574 
421 575 
421 575 
421 575 

NO. 6 5 1  

U N I T  = O N E  M I C R O S E C O N D  

L C / 7 9 3 0  L C / 9 9 Y O  
N. A T L .  N e  PAC. 

100 100 

-1 e 8  -1.5 
-1 e 7  -1.5 
-1.9 -1.3 
-1.8 -1.4 
-1.9 -1.5 

-2.0 -1.8 
-2.1 -1.8 
-2.2 -1.8 
-2 .o -1.9 
-1.9 - 

6 4 2 
O I L  O / T  GBR 
13.6 13.6 16.0 

25MS+ 11MS+ 19MS+ 

141 622 515 
142 622 514 
143 622 514 
143 622 514 
141 622 515 
141 622 514 
141 622 514 

L C / 9 9 4 0  
W e  C U S A  

100 

-5.3 
-5.4 
-5.4 
-5.4 
-5.3 

-5.3 
-5.3 
-5.3 
-5.3 
-5.3 

8 

N L K  
18.6 

1 2 M S +  

335 
341 1) 
340 
340 
340 
340 
339 

N O T E S :  

( 1 )  N L K  19 JUL. A F T E R  M A I N T E N A N C E  P E R I O D  S T E P  A B O U T  P L U S  6 

( 2 )  P R O P A G A T I O N  D I S T U R B A N C E S  WERE O B S E R V E D  N E A R  T H E  F O L L O W I N G  T I M E S :  
20 JUL. 1940/5  
21  JUL. l:l'.z''++r 1 3 4 0 / 6  
22 J U L .  1310/51  1440/5.  1735/4.  1925/5.  2110 /6  
2 3  JUL. 1435/4.  1645 /51  2055 /5  
2 4  JUL. 1 5 .  ' ~ ' 5  
25  JUL. 1600/4.  1735/3. 

(3) OMEGA S T A T I O N S  O F F - A I R  T I M E S  ( F R O M  C O A S T  GUARD ONSOD, W A S H I N G T O N .  D C ) :  
J A P A N  1 7  JUL. 0039 T O  0041  U T I  0214 T O  0217 UT.  0232 T O  0234  U T *  

L I B E R I A  1 7  JUL. 0240 T O  0242  U T I  0305 T O  0403 U T  

L A  R E U N I O N  1 7  JUL. 0423 T O  0425  U T .  0717 T O  0731  UT. 0735 T O  0737 UT. 

0918 T O  0920 U T  

21  JUL. 1620 T O  1622 U T  

1135 T O  1159 UT.  1247 T O  1306 U T I  1412 T O  1415 U T  
18 JUL. 0030 T O  0 0 ; ~  U T I  0632 T O  0645 U T I  1036 T O  1045 U T  
19 JUL. 0509 T O  0512 UT.  1059 T O  1105 U T I  1439 T O  1441  U T  

FIGURE 6.3. USNO PHASE DATA, PUBLISHED WEEKLY. 
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s igna l?  The answer i s  t h a t  he knows f rom 
experience! I f  you p l a n  t o  use VLF o r  LF 
s i g n a l s  f o r  f requency c a l i b r a t i o n s ,  you must 
become very f a m i l i a r  w i t h  the  c h a r a c t e r i s t i c s  
o f  t h e  s i g n a l s  you are using. For accurate 
c a l i b r a t i o n s ,  you must o b t a i n  the  s t a t i o n  data 
f rom NBS o r  t he  USNO. B a t t e r y  backup f o r  
r e c e i v e r s  i s  h i g h l y  des i rab le ;  i n  f a c t ,  a lmost 
necessary i f  you p l a n  t o  c a l i b r a t e  p r e c i s e  
o s c i l l a t o r s  over a p e r i o d  o f  many days. A l l  
o f  t h i s  may sound l i k e  a hopeless task,  b u t  i t  
i s n ' t .  The r e s u l t s  are wor th the  e f f o r t  when 
you consider  t h a t  you can per form c a l i b r a t i o n s  
up t o  1 p a r t  i n  10 l1  i n  24 hours. 

6.4 FIELD STRENGTHS OF VLF-LF STATIONS 

The f i e l d  s t r e n g t h  o f  t he  W B  s i g n a l  has 
been measured a long n ine  r a d i a l  paths f rom t h e  
s t a t i o n .  These measurements a re  summarized on 
t h e  f i e l d  contour  map shown i n  f i g u r e  6.4. 
Not shown i s  t h e  non l i nea r  f i e l d  g r a d i e n t  
between t h e  500 m i c r o v o l t  pe r  meter contour  
and the  100 m i c r o v o l t  pe r  meter contour.  

D e s t r u c t i v e  i n t e r f e r e n c e  occurs between 
t h e  f i r s t  hop skywave and the  groundwave a t  

approximately 1200 km (750 m i l e s )  f rom t h e  
s t a t i o n .  On some r a d i a l  paths,  t h i s  d i p  i n  
f i e l d  i n t e n s i t y  i s  q u i t e  severe and has proven 
t o  be t h e  cause o f  s i g n a l  l o s s  a t  c e r t a i n  
t imes. The d i s tance  between the  s t a t i o n  and 
t h i s  n u l l  v a r i e s  f r o m  day t o  n i g h t .  It i s  
a l s o  seasonal. The sharpness o f  t h e  n u l l  i s  
much l e s s  pronounced i n  the  w in te r .  The f i e l d  
i n t e n s i t y ,  i n  genera l ,  i s  s l i g h t l y  h ighe r  
d u r i n g  the  w i n t e r  months. Shown i n  f i g u r e s  
6.5 and 6.6 are t h e  f i e l d  s t reng ths  a long 
r a d i a l s  t o  B rownsv i l l e ,  Texas and Nantucket, 
Massachusetts, bo th  measured i n  September. 
Other r a d i a l  p l o t s  are a v a i l a b l e  t o  i n t e r e s t e d  
users.  

The s igna l  s t r e n g t h  o f  t he  U. S. Navy 
s t a t i o n s  i s  u s u a l l y  very  h igh  unless they  
a re  undergoing r e p a i r s .  The Omega naviga- 
t i o n  s t a t i o n s  have a h igh  power ou tpu t  a lso.  
But  Omega i s  t ime shared; t h a t  i s ,  t he  e i g h t  
t r a n s m i t t e r s  take  t u r n s  broadcast ing on the  
same f requencies.  This  has the  e f f e c t  o f  
reducing the  a v a i l a b l e  s i g n a l  power and 
commutation i s  requ i red ;  t h a t  i s ,  you must 
have a means o f  t u r n i n g  the  r e c e i v e r  on o n l y  
when the  s t a t i o n  you want t o  t r a c k  i s  t rans -  
m i  tti ng. 

F I G U R E  6 . 4 .  MEASURED F I E L D  I N T E N S I T Y  COUNTOURS: WWVB @ 13 kW ERP.  

111 



1 0 0  r 

90 

80 
- c= --. 
1 
c 
-0 

=. 70 

6 0  

50 

36 

4 -10  

3 -1 0 I1 v / ill 

0 200 400  6 0 0  800  1 0 0 0  1 2 0 0  1 4 0 0  1 6 0 0  1800 

M I L E S  F R O M  A N T E N N A  

F I G U R E  6.5. MEASURED F I E L D  I N T E N S I T Y ,  NANTUCKET, MASSACHUSETTS R A D I A L ,  WWVB 60 k H z .  

80 - 

7 0  - 

6 0  - 

50 - 

40 - 

p V / M E T E R  

, 2 3 7  

1 I I I I I I 

4 - 1 0  

3 - 10 

2 - 1 0  

2 5  

M I L E S  

F I G U R E  6.6. MEASURED F I E L D  I N T E N S I T Y ,  BROWNSVILLE,  TEXAS R A D I A L ,  WWVB 60 k H z .  
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6.5 INTERFERENCE 

Some W B  users a long t h e  U. S. A t l a n t i c  
coas t  have exper ienced i n t e r f e r e n c e  from a 
B r i t i s h  standard frequency r a d i o  s t a t i o n ,  MSF. 
Some years  ago, MSF was n o t  o n l y  lower pow- 
ered, b u t  i t  was a l s o  o f f s e t  i n  f requency from 
WVB. However, i t  now r a d i a t e s  25 kW o f  power 
on 60 kHz. There a re  va r ious  ways t o  t e l l  i f  
one i s  r e c e i v i n g  MSF i n s t e a d  o f  WVB. The 45' 
phase s h i f t  (d iscussed i n  Sec t ion  6.6.1, f f g .  
6.9) should be q u i t e  apparent i f  WVB i s  beTng 
rece ived  and phase-tracked. 

One s o l u t i o n  i s  t o  use a d i r e c t i o n a l  
antenna. I f  a loop i s  be ing  used, the  MSF 
s i g n a l  can be nu l l ed .  Eas tern  U. S .  r e c e i v i n g  
l o c a t i o n s  f rom Boston south t h a t  a re  us ing  
loops  shou ld  be ab le  t o  n u l l  MSF and s t i l l  

r ece i ve  WWVB. Another method i s  t o  produce a 
un id i rec t i ona l  antenna by combining t h e  v o l t -  
ages induced i n  a loop and a whip. I f  these 
two vo l tages  a re  equal and i n  phase, t h e  
r e s u l t a n t  p a t t e r n  i s  a c a r d i o i d .  Since these 
vo l tages  a re  induced i n t o  t h e  whip by t h e  
e l e c t r i c  f i e l d ,  and i n t o  t h e  loop by t h e  
magnetic f i e l d ,  t h e  phase o f  t h e  whip vo l tage  
must be s h i f t e d  by 90' be fo re  combination. 
I n t e r e s t e d  readers a re  advised t o  c o n s u l t  a 
s u i t a b l e  antenna manual o r  t o  d iscuss  t h e i r  
problems w i t h  t h e  r e c e i v e r  manufacturer.  

6.6 USING WVB FOR FREQUENCY CALIBRATIONS 

Our d i scuss ion  o f  c a l i b r a t i o n s  us ing  low- 
f requency s i g n a l s  begins w i t h  WVB (60 kHz). 
Frequency c a l i b r a t i o n s  u s u a l l y  i n v o l v e  phase 

FIGURE 6.7. WWVB PHASE RECORDING USING A 
HIGH-QUALITY OSCILLATOR. 

FIGURE 6.8. T Y P I C A L  WWVB PHASE RECORDING. 
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record ings o f  t he  rece ived  s igna ls .  Typ ica l -  
ly ,  a spec ia l  t r a c k i n g  r e c e i v e r  i s  used t o  
compare a l o c a l  o s c i l l a t o r  w i t h  t h e  rece ived  
WWVB s igna ls .  The ou tpu t  o f  t h e  r e c e i v e r  can 
be d i sp layed  on i t s  f r o n t  panel  d i g i t a l l y  o r  
as a meter reading. However, t h i s  d i scuss ion  
i s  l i m i t e d  t o  making a phase reco rd  on a c h a r t  
reco rde r .  Of ten,  these recorders are b u i l t  
i n t o  the  rece ive rs .  Since we a re  l o o k i n g  a t  a 
phase reco rd ing  o f  t h e  rece ived  s i g n a l ,  we 
w i l l  see the  e f f e c t  o f  any p a t h  changes. I n  
a d d i t i o n ,  we w i l l  see our o s c i l l a t o r  phase 
change r e l a t i v e  t o  the  WWVB s i g n a l .  

The amount o f  phase change depends on the  
r e l a t i v e  d i f f e r e n c e  between our o s c i l l a t o r  and 
t h e  cesium o s c i l l a t o r  c o n t r o l l i n g  t h e  WWVB 
s i g n a l  a t  t he  t r a n s m i t t e r .  The sample phase 
c h a r t  shown i n  f i g u r e  6.7 has ve ry  l i t t l e  
o s c i l l a t o r  d r i f t .  Th i s  i s  because a q u a l i t y  
o s c i l l a t o r  was being measured. A more t y p i c a l  
reco rd  would have a whole s e r i e s  o f  l i n e s  
c ross ing  the  c h a r t  as i n  f i g u r e  6.8. This  
poses a dilemma f o r  t he  user. I f  the  o s c i l -  
l a t o r  be ing  c a l i b r a t e d  i s  f a r  o f f  f requency 
from W E ,  he needs e i t h e r  a f a s t  c h a r t  o r  one 
t h a t  d i s p l a y s  many microseconds o f  phase 
across the  w i d t h  o f  paper. For h i g h - q u a l i t y  
frequency sources, t he  paper can be slowed 
down o r  the  c h a r t  w id th ,  i n  microseconds, can 
be reduced. The user i s  encouraged t o  study 
t h e  manuals f o r  t he  p a r t i c u l a r  r e c e i v e r  he i s  
using. I f  the  user  i s  p lann ing  t o  & a 
r e c e i v e r ,  he should consider  the  problem o f  
what the  reco rd  i s  go ing t o  l o o k  l i k e  be fo re  
s e l e c t i n g  a p a r t i c u l a r  rece ive r / reco rde r  
combinat ion.  

Measurements made w i t h  VLF-LF s i g n a l s  
should be done when t h e  p a t h  from t r a n s m i t t e r  
t o  r e c e i v e r  i s  a l l  i n  s u n l i g h t .  An a l l  dark  
p a t h  would be second choice.  The sunr ise/  
sunset phase s h i f t s  ( c a l l e d  d i u r n a l s )  w i l l  
a f f e c t  t he  accuracy o f  c a l i b r a t i o n s  and mea- 
surements should n o t  be made d u r i n g  these 
t imes. There a re  o the r  sudden phase s h i f t s  
due t o  p a r t i c l e s  e n t e r i n g  the  ionosphere t h a t  
can a f f e c t  t h e  s i g n a l .  These u s u a l l y  l a s t  
o n l y  t e n  minutes o r  a ha l f -hou r .  Th is  ex- 
p l a i n s  t h e  advantage o f  having a c h a r t  t h a t  
runs a t  l e a s t  severa l  hours f o r  a c a l i b r a t i o n .  
Dur ing sudden phase s h i f t s ,  t he  s i g n a l  l e v e l  
may drop. Most r e c e i v e r s  have a meter f o r  
s i g n a l  s t reng th ,  b u t  t h e  more e labo ra te  re -  
c e i v e r s  a re  ab le  t o  c h a r t  reco rd  the  s i g n a l  
ampl i tude. This  i s  a very u s e f u l  reco rd  i f  
t h e  c a l i b r a t i o n s  be ing  made a re  t o  be w i t h i n  
p a r t s  i n  1Olo o r  b e t t e r .  I n  o the r  words, you 
need a l l  t he  he lp  you can g e t  i f  you a re  t o  
make t h e  very b e s t  measurements. 

As mentioned e a r l i e r ,  some rece ive rs  use 
f r o n t  panel d i s p l a y s  t o  i n d i c a t e  f requency 
o f f s e t .  La te r  i n  t h i s  chapter ,  we ment ion 
methods t h a t  use osc i l l oscopes  f o r  frequency 
c a l i b r a t i o n .  Even a zero-beat o r  L i ssa jous  

method cou ld  be used w i t h  the  WWVB s i g n a l .  
Remember t h a t  what you are g e t t i n g  from WWVB 
i s  a standard frequency s i g n a l  t h a t  s t a r t e d  
o u t  f rom a n e a r l y  p e r f e c t  f requency source. 
When i t  a r r i v e s ,  i t  has been contaminated by 
pa th  v a r i a t i o n s  and noise.  A c h a r t  reco rde r  
g i v i n g  a h i s t o r y  o f  t he  pa th  and o s c i l l a t o r  
changes i s  ve ry  handy t o  have. To g e t  t he  
b e s t  r e s o l u t i o n  f r o m  t h e  WWVB s igna ls ,  a c h a r t  
reco rd  i s  mandatory. The r e s u l t s  a re  wor th 
t h e  e f f o r t .  As w i t h  any measurement, extreme 
care must be exe rc i sed  t o  r e a l i z e  the  bes t  
r e s u l t s .  

6 . 6 . 1  PHASE-SHIFT IDENTIF ICATION 

Many WWVB users have phase- t rack ing 
r e c e i v e r s  which make use o f  t h e  s t a b i l i z e d  

FIGURE 6.9. WWVB PHASE PLOT SHOWING 
PHASE-SHIFT IDENTIFICATION. 
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c a r r i e r  t o  p rov ide  a frequency reference f o r  
c a l i b r a t i o n  purposes. I n  o rde r  f o r  t he  user 
t o  i d e n t i f y  WWVB by i t s  phase t r a c k  alone, a 
45O phase s h i f t  i s  programmed i n t o  the  t rans -  
m i t t e d  phase. This  s h i f t  occurs a t  10 minutes 
p a s t  t he  hour and r e t u r n s  t o  nominal va lue a t  
15 minutes p a s t  t he  hour. Three hours o f  
s t r i p  c h a r t  a t  a t y p i c a l  user s i t e  might  l o o k  
something l i k e  f i g u r e  6.9. 

6.6.2 METHODS OF FREQUENCY COMPARISON 

Having l i s t e d  some o f  t he  problems i n  LF 
propagat ion,  we can now t u r n  our  a t t e n t i o n  t o  
a c t u a l  c a l i b r a t i o n  methods. There are two 
ways t o  compute r e l a t i v e  frequency f r o m  t h e  
p l o t  i n  f i g u r e  6.1. One can work w i t h  t h e  
s lope o f  t h e  daytime p l o t - - t h e  s t r a i g h t  
p o r t i o n - - o r  one can take t h e  s i n g l e  values a t  
d i s c r e t e  p o i n t s  one day apar t .  On the  f i g u r e ,  
t h e  2200 UTC values f o r  June 3 and June 4 a re  
sub t rac ted  t o  g i v e  a va lue o f  1 microsecond 
change f o r  t he  24-hour pe r iod .  The r e l a t i v e  
f requency, A f / f  , i s  the  same as t h e  t ime 
o f f s e t ,  A t / T  . I n  t h i s  case: 

Affg-lps - 1 ps 
f T 1 day 86,400 x l o 6  ps  

-1 1 = 1.16 x 10 . 

When t h e  r e l a t i v e  frequency i s  l a rge ,  a 
useable va lue can be computed us ing  o n l y  a few 
hours o f  t h e  daytime slope. I f  t h e  r e l a t i v e  
frequency i s  very  smal l ,  many days may have t o  
be used i n  t h e  computation. This  i s  especi-  
a l l y  t r u e  when the  r a d i o  propagat ion s t a b i l i t y  
i s  poor o r  t he  s i g n a l  i s  no isy.  I f  many days 
a re  i nvo l ved  i n  the  measurement, c y c l e  jumps 
and t r a n s m i t t e r  phase s h i f t s  entered i n t o  t h e  
phase p l o t  must be c a r e f u l l y  taken i n t o  
account. 

I f  t h e  r e c e i v i n g  s i t e  has no phase- 
t r a c k i n g  r e c e i v e r  a v a i l a b l e ,  o the r  schemes may 
be used. I f  a tuned r a d i o  f requency r e c e i v e r  
i s  a v a i l a b l e ,  t h e  ac tua l  60 kHz wave may be 
observed on an osc i l l oscope .  I f  t h e  o s c i l l o -  
scope i s  t r i g g e r e d  by a l o c a l  c lock ,  t he  
p o s i t i o n  on t h e  osc i l l oscope  face o f  a pa r -  
t i c u l a r  c y c l e  w i l l  change w i t h  t i m e .  The 
amount o f  t he  change i n  any g i ven  t ime w i l l  
p rov ide  a va lue o f  At /T from which the  r e l a -  
t i v e  frequency may be computed as before.  A 
s tandard re fe rence  60 kHz o r  submul t ip le ,  i f  
a v a i l a b l e ,  may be used t o  t r i g g e r  t h e  
osc i  11 oscope. 

E l e c t r o n i c  counter  techniques can a l s o  be 
used f o r  frequency c a l i b r a t i o n s .  Wi thout  
go ing i n t o  d e t a i l ,  these techniques i n v o l v e  

the  use o f  t he  rece ived  s i g n a l  as one i n p u t  t o  
a counter  whi 1 e the  osc i  11 a t o r  be ing c a l  i bra-  
t e d  i s  used as the  other .  Manufacturers o f  
r e c e i v e r s  and counters d iscuss these tech-  
niques i n  t h e i r  manuals and a p p l i c a t i o n  notes. 
You may a l s o  r e f e r  t o  chapters  1 and 4 o f  t h i s  
book, which t a l k  about counters  and t h e i r  
uses. Keep i n  mind t h a t  t he  accuracies you 
can g e t  w i t h  osc i l l oscopes  and counters w i l l  
g e n e r a l l y  be much l e s s  than those obta ined by 
using tracking receivers. The cost will be 
l e s s  too.  Also,  a qu i ck  c a l i b r a t i o n  on a 
counter  cannot i d e n t i f y  sudden phase changes, 
and you lose  the  b i g  advantage o f  hav ing a 
c h a r t  reco rd  o f  t he  s t a t i o n  performance. 

6.7 USING OTHER LF AND VLF STATIONS FOR 

T IME AND FREQUENCY CALIBRATIONS 

6 .7 .1  THE OMEGA NAVIGATION SYSTEM 

The Omega Nav iga t i on  System i s  composed 
o f  a group o f  VLF r a d i o  s t a t i o n s  opera t i ng  i n  
t h e  10 t o  15 kHz range. Each s t a t i o n  t ime-  
shares common f requencies used f o r  nav iga t i on .  
I n  a d d i t i o n ,  each s t a t i o n  may t r a n s m i t  some 
f requencies unique t o  t h a t  p a r t i c u l a r  s t a t i o n .  
See Table 6.1 f o r  d e t a i l s .  

I f  one wishes t o  use an Omega s t a t i o n  f o r  
f requency c a l i b r a t i o n ,  a phase- t rack ing 
r e c e i v e r  i s  h i g h l y  recommended. I f  one o f  t h e  
n a v i g a t i o n  f requencies i s  t o  be used, then an 
Omega commutator must a l s o  be used. Th is  i s  a 
dev ice t h a t  t u r n s  the  phase- t rack ing r e c e i v e r  
on and o f f  a t  t he  proper  t imes t o  rece ive  o n l y  
t h e  des i red  Omega s t a t i o n .  

The f requencies and the  format  segments 
o f  t h e  Omega s t a t i o n s  are de r i ved  f r o m  cesium 
beam o s c i l l a t o r s .  The USNO moni tors  and 
r e p o r t s  the  Omega s t a t i o n s '  phase values. 
These s t a t i o n s  r a d i a t e  a nominal 10 kW o f  
power. This  power l e v e l  should be s u f f i c i e n t  
t o  a l l o w  the  user  t o  rece ive  a t  l e a s t  t h r e e  
s t a t i o n s  no ma t te r  where he i s  located.  

A. Operat ing C h a r a c t e r i s t i c s  o f  Omega 

Omega t r a n s m i t t i n g  s t a t i o n s  operate i n  
t h e  i n t e r n a t i o n a l l y  a1 l o c a t e d  VLF nav iga t i ona l  
band between 10 and 14 kHz. Th is  very low 
t r a n s m i t t i n g  f requency enables Omega t o  pro-  
v i d e  adequate n a v i g a t i o n  s i g n a l s  a t  much 
1 onger ranges than o t h e r  ground-based naviga- 
t i o n  systems. 

The opera t i ng  c h a r a c t e r i s t i c s  o f  t h e  
system can be ca tegor i zed  as fo l l ows :  s i g n a l  
format  and c o n t r o l ,  t h e  requirement f o r  l ane  
i d e n t i f i c a t i o n  t y p i c a l  o f  phase comparison 
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TABLE 6.1. CHARACTERISTICS OF THE OMEGA NAVIGATION SYSTEM STATIONS 

STATION 

OMEGA 

O/N 

1 

OMEGA 

n/ L 

OMEGA 

Q/H 

OMEGA 

Q/ND 

OMEGA 

W L R  

OMEGA 

R/A  

OMEGA 

W T  

OMEGA 

Q/J 

LOCAT I ON I y!$Rl ANTENNA 
LATITUDE,  
LONG I TUDE 

ALDA, 66' 25' N OMNI- 
NORWAY 1 13' 09' E 1 lo I DIRECTIONAL 

10.2 A 
11-1/3 C 
13.6 B 

5 x 

LA MOURE, 46O 2 2 '  N OMNI- 
NORTH DAKOTA 1 98' 20 '  W 1 lo 1 DIRECTIONAL 

MONROVIA, 

L I B E R I A  

HAIKU,  OAHU, 

H A W A I I  

20' 58' S I 55' 17' E D IRECTIONAL 

I OMNI- LA REUNION 

06' 18' N OMN I - 
10' 40 '  W D IRECTIONAL 10 

21' 24'  N OMN I - 
DIRECTIONAL 10 157' 50'  W 

OMNI- 

ARGENT1 NA 65" 11'  W D IRECTIONAL 

10.2 D 
11-1/3 F 
13.6 E 

10' 42' N OMNI- TRIN IDAD**  I 31' 38' W 1 I DIRECTIONAL 

1 x 

TSUSHIMA I S . ,  

JAPAN 

CARRIER I 
FREQUENCIES* ACCURACY 

34' 37' N OMN I - 
DIRECTIONAL 10 129' 27'  E 

10.2 H 
11-1/3 B 
13.6 A 

I 

1 x 1 0 - l 2  

1 x 

1 x 

1 x 

11-1/3 H 1 x 
13.6 G 

10.2 B 
11-1/3 D I 1 x 
13.6 C I 

I 

*SEE FIGURE 6.10 FOR TRANSMISSION SCHEDULE OF VARIOUS FREQUENCIES. 

* *TRIN IDAD I S  A TEMPORARY STATION. PERMANENT S T A T I 9 N  W I L L  BE I N  AUSTRALIA.  

systems and the  process o f  hand l i ng  e r r o r s  
a t t r i b u t a b l e  t o  s igna l  propagat ion.  

nav 
k H z  

All s t a t i o n s  now t r a n s m i t  t h r e e  bas i c  
i g a t i o n a l  f requenc ies  (10.2 k H z ,  11-1/3 
, 13.6 kHz)  more o r  l e s s  o m n i d i r e c t i o n a l l y .  

I n  o rder  t o  p revent  i n t e r f e r e n c e ,  t ransmi s- 
s ions  from each s t a t i o n  are  time-sequenced as 
shown i n  f i g u r e  6.10. 

Th is  p a t t e r n  i s  arranged so t h a t  d u r i n g  
each t ransmiss ion  i n t e r v a l  (approx imate ly  1 
second), o n l y  th ree  s t a t i o n s  a re  r a d i a t i n g ,  
each a t  a d i f f e r e n t  frequency. The d u r a t i o n  
o f  each t ransmiss ion  v a r i e s  f rom 0.9 t o  1.2 
seconds, depending on t h e  s t a t i o n ' s  assigned 
l o c a t i o n  w i t h i n  the  s i g n a l  p a t t e r n .  Wi th  
e i g h t  s t a t i o n s  i n  the  implemented system and a 
s i l e n t  i n t e r v a l  o f  0 .2  second between each 
t ransmiss ion ,  t h e  e n t i r e  c y c l e  o f  t h e  s i g n a l  
p a t t e r n  repeats  every  10 seconds. 

Besides t h e  t h r e e  bas i c  nav iga t i ona l  f r e -  
quencies, o t h e r  f requenc ies  have been added t o  
t h e  Omega s i g n a l  format.  O r i g i n a l  p lans  were 
made t o  t r a n s m i t  two unique f requenc ies  a t  
each s t a t i o n  f o r  t h e  purpose o f  i n t e r - s t a t i o n  
t ime  synch ron iza t i on  b u t  t h i s  requirement has 
been removed th rough use o f  h i g h l y  s t a b l e  
cesium frequency standards. 

Present p lans  c a l l  f o r  t he  i n c o r p o r a t i o n  
o f  a f o u r t h  n a v i g a t i o n  f requency, 11.050 k H z ,  
which w i l l  a l l o w  f o r  lane  r e s o l u t i o n  capa- 
b i l i t y  as g r e a t  as 288 n a u t i c a l  m i l es .  In 
a d d i t i o n ,  a unique frequency t ransmiss ion  f o r  
each s t a t i o n  can be added which w i l l  a i d  i n  
t ime  d isseminat ion  by p r o v i d i n g  a bea t  f r e -  
quency and a h i g h  du ty  c y c l e  a t  t h a t  frequen- 
cy: The changes dep ic ted  i n  f i g u r e  6.10, 
wh ich  a re  n o t  y e t  implemented, should be made 
by  1979. 
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A B C D E F G H 

La Reunion (E) 1 2 .  3 1 2 ,  ? +  10.2 13.6 11113 1 2 . 3 '  

13.6 1 1  113 Argentina ( F )  I 1 2 . 9 u  1 2 . 9 '  u 11.05 u - 

Norway ( A )  10.2 13.6 1 1  113 1 2 . 1 +  u 1 2 . 1 + u  11.05u I Z . I +  u 
Liberia (B)  

Hawaii IC )  13.6 11113 1 1 . 8  1 1 . 8 '  1 1 . 0 5  

I 1 2 . o u  10.2 u 13.6 11113 u 1 2 . 0 +  u 1 2 . C A U  1l.05 u 1 2 . 0 + U  

N .  Dakota ( D )  I 11.05 u 1 3 .  1'u 13. 1' u 10.2 13.6 u 1 1 1 / 3 ~ 1 3 . 1 +  u 1 3 . 1 '  

Australia (G)' 
Area I l l  1 / 3 1  1 3 . 0 ' u  1 3 . 0 '  u 1 1  05 u 1 3 . 0 '  1 1 3 . 0 u  102 u 136 \] 

Japan (H) 13.6 u 1 1  1.'3 u 1 2 . 8 '  u 1 2 . a t  u 11.05 u 1 2 . 6 T u  1 2 . 8 '  u 10.2 
0 0  1 1  2 3 36 5 0  6 3  7 4  8 8  10 0 

Time (seconds) 

* Trinidad Proposed full format is shown 
temporarily - +  is unique frequency at each 
filling G slot station 

-11 05 i s  fourth navigation 
frequency 

FIGURE 6.10. OMEGA SIGNAL TRANSMISSION FORMAT. 

B. Synchron iza t ion  C o n t r o l  

The Omega s i g n a l  fo rmat  i s  designed so 
t h a t  each s t a t i o n  w i t h i n  t h e  network can be 
i d e n t i f i e d  by t h e  t ransmiss ion  o f  a p a r t i c u l a r  
f requency a t  a p resc r ibed  t ime. I n  a d d i t i o n ,  
t h e  synch ron iza t i on  o f  a l l  t ransmiss ions  i s  
t i g h t l y  c o n t r o l l e d  and t h e  phase r e l a t i o n s h i p s  
between a l l  s i g n a l s  a re  main ta ined t o  w i t h i n  a 
few c e n t i c y c l e s .  Wi th  t h i s  h i g h  phase s t a b i l -  
i t y  i n  t h e  t ransmiss ions ,  t he  accuracy o f  a 
n a v i g a t i o n a l  f i x  i s  then p r i m a r i l y  l i m i t e d  t o  
t h e  r e c e i v e r  and t h e  accuracy o f  t h e  naviga- 
t o r ' s  p ropagat ion  c o r r e c t i o n  tab les .  

A l l  Omega t r a n s m i t t i n g  s t a t i o n s  a re  syn- 
chron ized by means o f  very  s t a b l e  cesium beam 
frequency standards. These standards o r  
c locks  a re  re fe renced t o  t h e  atomic t ime  sca le  
which d i f f e r s  f rom Coordinated Un iversa l  Time 
(UTC) more commonly i n  use. Thus, i n  1978, 
t h e  Omega epoch o r  t ime  re fe rence i s  seven 
seconds ahead o f  UTC s ince  t h e  y e a r l y  ad jus t -  
ments f o r  e a r t h  mot ion  have n o t  been made t o  
make Omega Epoch i n  agreement w i t h  UTC. 

C. Propagat ion C h a r a c t e r i s t i c s  

The propagat ion  c h a r a c t e r i s t i c s  t h a t  
p e r m i t  t h e  use o f  Omega a t  g r e a t  range a l s o  

i n t roduce  c e r t a i n  l i m i t a t i o n s .  Two areas t h a t  
r e q u i r e  spec ia l  a t t e n t i o n  a re  normal t ime  
v a r i a t i o n s  and modal i n te r fe rence .  Since 
s i g n a l s  a re  propagated w i t h i n  t h e  waveguide 
formed by t h e  e a r t h  and ionosphere, changes i n  
p ropagat ion  parameters such as v e l o c i t y  may be 
expected as a r e s u l t  o f  changes i n  t h e  iono- 
sphere o r  ground. 

The most obvious nav iga t i ona l  l y  undes i r -  
ab le  v a r i a t i o n  i s  a d a i l y  o r  d i u r n a l  phase 
change. Normal changes i n  i l l u m i n a t i o n  o f  t h e  
ionosphere by t h e  sun th roughout  t h e  day may 
cause an uncor rec ted  phase measurement t o  vary  
as much as one complete cyc le .  Since these 
v a r i a t i o n s  are  h i g h l y  repeatab le ,  p r e d i c t i o n  
and c o r r e c t i o n  a re  poss ib le .  

Unpred ic tab le  shor t - te rm v a r i a t i o n s  may 
a l s o  occur.  N i n e t y - f i v e  percent  o f  t h e  t ime, 
these a re  smal l  v a r i a t i o n s  r e l a t e d  t o  random 
propagat iona l  v a r i a t i o n s  whcih w i l l  n o t  de- 
grade normal nav iga t i ona l  accuracy. Occasion- 
a l l y ,  however, l a r g e  d is tu rbances  can occur as 
a r e s u l t  o f  s o l a r  emission o f  X-ray o r  p a r t i -  
c l e  bu rs ts .  The emission o f  X-rays f rom t h e  
sun occas iona l l y  cause a shor t - te rm d i s r u p t i o n  
o f  Omega s j g n a l s  which i s  r e f e r r e d  t o  as a 
Sudden Phase Anomaly (SPA).  The d u r a t i o n  o f  a 
SPA i s  g e n e r a l l y  n o t  g rea te r  than one hour b u t  
an LOP may exper ience a s h i f t  o f  several  
m i l es .  S P A ' S  occur w i t h  an average frequency 
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o f  about 7-10 p e r  month. They u s u a l l y  a f f e c t  
s i g n a l s  from o n l y  a f e w  s t a t i o n s  a t  a t ime  
s ince  X-rays f rom t h e  sun tend  t o  e n t e r  a 
l i m i t e d  i l l u m i n a t e d  p o r t i o n  o f  t he  e a r t h ' s  
s u r f  ace. 

The re lease  o f  a l a r g e  q u a n t i t y  o f  p ro -  
tons f rom the  sun, a l though an i n f r e q u e n t  
occurrence, produces what i s  known as a Po la r  
Cap Dis turbance (PCD). The e f f e c t  o f  a PCD 
may be t o  s h i f t  an LOP 6-8 m i l e s  f o r  a p e r i o d  
o f  severa l  days. This  d is turbance g e n e r a l l y  
l a s t s  f o r  severa l  days and v a r i e s  i n  magnitude 
d u r i n g  the  pe r iod .  PCD's a f f e c t  o n l y  those 
t ransmiss ions i n v o l v i n g  a r c t i c  propagat ion 
paths.  Because o f  i t s  p o s s i b l e  l ong  d u r a t i o n  
and l a r g e  LOP s h i f t ,  PCD n o t i c e s  are broadcast 
as n a v i g a t i o n a l  warning messages. 

Modal i n t e r f e r e n c e  i s  a spec ia l  form o f  
s i g n a l  i n t e r f e r e n c e  wherein the  va r ious  wave- 
guide modes o f  s i g n a l  propagat ion i n t e r f e r e  
w i t h  each o t h e r  and i r r e g u l a r i t i e s  appear i n  
the  phase p a t t e r n .  I d e a l l y ,  one mode would be 
complete ly  dominant a t  a l l  t imes and t h e  
r e s u l t a n t  phase g r i d  would be regu la r .  I n  
p r a c t i c e ,  competing modes do n o t  complete ly  
disappear and t h r e e  s i t u a t i o n s  a re  recogi i iz -  
ab le:  

1.  I f  t h e  competing mode i s  very  smal l ,  
then the  dominant mode w i l l  estab- 
l i s h  a n e a r l y  r e g u l a r  phase p a t t e r n  
as i s  intended, and u s u a l l y  t h i s  i s  
what happens d u r i n g  t h e  day. 

2. A second p o s s i b i l i t y  i s  t h a t  t he  
competing mode may be almost equal 
t o  t h e  dominant mode. 

3. The p o t e n t i a l l y  se r ious  case i s  t h a t  
i n  which modal dominance can change. 
Th is  may occur,  f o r  example, i f  one 
mode i s  dominant d u r i n g  the  day and 
a second mode a t  n i g h t .  C l e a r l y ,  
somewhere d u r i n g  sunset and sun r i se ,  
t h e  t r a n s i t i o n a l  p e r i o d ,  t he  two 
modes must be equal .  Depending upon 
phasing o f  t he  modes a t  e q u a l i t y ,  
abnormal t r a n s i t i o n s  may occur i n  
which cyc les  are " s l i pped"  o r  l o s t .  
P o s i t i o n a l  e r r o r s  o f  a f u l l  wave- 
l e n g t h  are p o s s i b l e  under such 
c o n d i t i o n s  and use o f  a s t a t i o n  so 
a f f e c t e d  should be avoided. I f  t h i s  
i s  n o t  poss ib le ,  p a r t i c u l a r  a t t e n -  
t i o n  must be g i ven  t o  proper  lane 
i d e n t i f i c a t i o n .  

Propagat ion Cor rec t i ons  (PPC's) must be 
a p p l i e d  t o  each Omega r e c e i v e r  read ing  t o  
compensate f o r  i o n o s p h e r i c a l l y  induced s i g n a l  
v a r i a t i o n s  and thereby improve p o s i t i o n  f i x i n g  
accuracy. Omega propagat ion c o r r e c t i o n  t a b l e s  
f o r  each t r a n s m i t t i n g  s t a t i o n  ( A  through H) 
c o n t a i n  necessary data f o r  c o r r e c t i n g  Omega 
r e c e i v e r  readouts a f f e c t e d  by p r e v a i l i n g  

propagat ion c o n d i t i o n s  r e l a t i v e  t o  t he  nominal 
c o n d i t i o n s  on which a l l  c h a r t s  and t a b l e s  a re  
based. A b r i e f  i n t r o d u c t i o n ,  which a l s o  
descr ibes the  arrangement and a p p l i c a t i o n  of 
t h e  c o r r e c t i o n s  toge the r  w i l l  i l l u s t r a t i v e  
examples , precedes the  tabu1 a r  da ta  w i t h i n  
each PPC t a b l e .  For more d e t a i l e d  i n f o r m a t i o n  
on the  Omega Charts and Tables as w e l l  as 
i n f o r m a t i o n  on o b t a i n i n g  these cha r t s ,  w r i t e  
t o :  Defense Mapping Agency, Hydrographic 
Center,  A t t n :  Code DSI-2, Washington, DC. 
20390. 

D. Omega No t i ces  and Nav iga t i ona l  Warnings 

As w i t h  o t h e r  nav iga t i ona l  a ids ,  i n f o r -  
mat ion i s  disseminated concerning s t a t i o n  o f f -  
t h e - a i r  pe r iods ,  VLF propagat ion d is turbances,  
and o t h e r  p e r t i n e n t  data a f f e c t i n g  usage o f  
t h e  system. Status i n f o r m a t i o n  on Omega s ta -  
t i o n s  can be obta ined on t h e  telephone by c a l -  
l i n g  (202) 245-0298 i n  Washington, D. C. 

Omega s t a t u s  messages a re  a l s o  broadcast 
by va r ious  t ime s e r v i c e  s t a t i o n s .  NBS s ta -  
t i o n s  WWV and WVH t r a n s m i t  a 40-second mes- 
sage a t  16 minutes and 47 minutes a f t e r  t he  
hour,  r e s p e c t i v e l y .  Norway Radio S t a t i o n  
Rogaland broadcasts n o t i c e s  i n  i n t e r n a t i o n a l  
morse code on HF 4 t imes d a i l y .  Other s ta -  
t i o n s  i n  the  g loba l  t ime s e r v i c e  and mar i t ime 
i n f o r m a t i o n  network are expected t o  be added 
i n  t h e  f u t u r e .  

I n  a d d i t i o n  t o  t he  r e g u l a r  issued n o t i c e s  
on s t a t i o n  o f f - a i r  pe r iods ,  major planned 
maintenance may take p lace  i n  the  months 
l i s t e d  f o r  each s t a t i o n :  

ARGENT1 NA - MARCH 

L I B E R I A  - A P R I L  
H A W A I I  - MAY 

LA REUNION - JUNE 

NORWAY - JULY 

TRINIDAD - FEBRUARY 

NORTH DAKOTA - SEPTEMBER 

JAPAN - OCTOBER 

The a c t u a l  o f f - a i r  t imes are disseminated 
as noted above s u f f i c i e n t l y  i n  advance and may 
vary f r o m  a few days t o  severa l  weeks depend- 
i n g  on the  maintenance o r  r e p a i r s  requ i red .  

6.7.2 DCF 77, WEST GERMANY (77.5 kHz) 

DCF 77 i s  l oca ted  a t  Ma in f l i ngen ,  about 
25 k i l omete rs  southeast o f  Frankfur t /Main.  It 
i s  operated by the  Physikal isch-Technische 
Bundesanstal t  (PTB) i n  Braunschweig. 
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DCF 77 t ransmi t s  Cent ra l  European Time 
(CET)  o r  Centra l  European Summer T ime (CEST) ,  
which i s  equal t o  UTC(PTB) p l u s  1 o r  2 hours 
r e s p e c t i v e l y .  The c a r r i e r  phase i s  c o n t r o l l e d  
w i t h  respec t  t o  UTC(PTB); phase t ime  changes 
a re  kept  sma l le r  than 0 .5  ps.  The s t a t i o n  
t ransmi t s  con t inuous ly  except f o r  s h o r t  i n t e r -  
r u p t i o n s  because o f  t e c h n i c a l  f a u l t s  o r  main- 
tenance. Longer breaks may be exper ienced 
d u r i n g  thunderstorms. 

A.  Time S igna ls  

The c a r r i e r  i s  modulated by means o f  
seconds markers w i t h  the  except ion  o f  second 
number 59 o f  each minute which s i g n i f i e s  t h a t  
t h e  nex t  marker w i l l  be t h e  minute marker. A t  
t h e  beg inn ing  o f  each second ( w i t h  t h e  excep- 
t i o n  o f  t he  59 th)  t he  c a r r i e r  ampl i tude i s  
reduced t o  about 25% f o r  a d u r a t i o n  o f  100 o r  

200 ms. The beg inn ing  o f  t h e  decrease o f  t he  
c a r r i e r  amp1 i tude cha rac te r i zes  the  exac t  
beg inn ing  o f  t he  corresponding second. 

The seconds markers a re  phase-synchronous 
w i t h  the  c a r r i e r .  I n  general ,  t h e  u n c e r t a i n t y  
o f  t he  rece ived DCF 77 t ime s i g n a l s  i s  l a r g e  
compared t o  t h a t  o f  t he  emi t ted  t ime s igna ls .  
Th i s  r e s u l t s  f rom the  l i m i t e d  bandwidth o f  t h e  
t r a n s m i t t e r  antenna, skywave i n f  1 uence and 
p o s s i b l e  i n t e r f e r e n c e .  A t  a d i s tance  of  some 
hundred k i l omete rs ,  a t ime s igna l  u n c e r t a i n t y  
o f  l e s s  than 0.1 ms i s  ach ievab le .  

B. Time Code 

The seconds marker du ra t i ons  o f  100 and 
200 ms correspond t o  b i n a r y  0 o r  1, respec- 
t i v e l y ,  i n  a BCD code used f o r  t h e  coded 
t ransmiss ion  o f  t ime  and date. 

YEAR ,,4 

DAY ‘OF T H E ’ A  
WEEK 1- 

CALENDAR 2. 
DAY 

sz 

S - (second marker 20) ,  a 200 ms marker, 
designates the  s t a r t  o f  t he  t ime (Th is  may 
in fo rma t ion .  r e s u l t  i n  a smal l  phase t ime change o f  t h e  

R - Second marker 15 has a d u r a t i o n  o f  200 ms 
if the  reserve  antenna i s  used. 

c a r r i e r  due t o  the  d i f f e r e n t  l o c a t i o n  o f  
SZ - Summer Time b i t .  t he  antenna. 

A -  Announcement o f  an approaching change P1, P 2 ,  P3 - 
from CET. 

P a r i t y  check b i t s .  

FIGURE 6.11. DCF 77 TIME CODE FORMAT. 
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There are t h r e e  groups of t ime informa- The u s e f u l  range f o r  c l o c k  synch ron iza t i on  i s  
t i o n ,  each fo l l owed  by a p a r i t y  check b i t  P: 3000 k i l omete rs .  

P1 = NUMBER OF THE MINUTE 

P2 = NUMBER OF THE HOUR 

P3 = NUMBERS OF THE CALENDAR DAY,  
THE DAY OF THE WEEK, THE 
MONTH AND THE YEAR 

Count ing the  b i n a r y  "ones" o f  t he  i n f o r m a t i o n  
group concerned and o f  t he  corresponding p a r i -  
t y  check b i t  y i e l d s  an even number. 

I n  the  case o f  t he  t ransmiss ion  o f  Legal 
Time i n  the  f o r m  o f  CEST, seconds marker num- 
ber  17 has a d u r a t i o n  o f  200 ms. Dur ing one 
hour be fo re  the  change from CET t o  CEST o r  
f rom CEST t o  CET, seconds marker 16 has a 
d u r a t i o n  o f  200 ms, thus announcing the  
approaching change. The coding i s  shown i n  
f i g u r e  6.11. 

i n  Table 6.2.  
General i n f o r m a t i o n  about DCF 77 i s  shown 

6.7.3 HBG, SWITZERLAND (75 kHz) 

HBG i n  Prangins,  Sw i t ze r land  i s  operated 
by the  Observato i re  Cantonal i n  Neuchatel. 

A. S ignal  Format 

The c a r r i e r  i s  i n t e r r u p t e d  f o r  0.1 second 
a t  t h e  beginning o f  each second. An a d d i t i o n -  
a l  i n t e r r u p t i o n  occurs f r o m  0.2 t o  0.3 second 
a t  t h e  beginning o f  each minute. 

B. Time Code 

No cont inuous t i m e  code i s  t ransmi t ted .  
Dur ing the  weekends o f  changes t o  d a y l i g h t  
sav ing t ime o r  back t o  s tandard t ime, a spe- 
c i a l  code i s  t r ansmi t ted ,  i n c l u d i n g  a separate 
4 - b i t  address f o r  each European country .  
A d d i t i o n a l  d e t a i l s  about HBG a re  shown i n  
Table 6.2. 

6 .7.4 JGPAS/JJF-Z, JAPAN (40 kHz) 

The Radio Research Labora to r ies  i n  Tokyo 
operate JGEAS and JJF-2. JJF-2 c o n s i s t s  o f  
t e leg raph  s igna ls ;  JGPAS broadcasts i n  the  
absence o f  these te leg raph  s i g n a l s .  The UTC 
t ime  sca le  i s  broadcast.  The c a l l  s i g n  i s  
t r a n s m i t t e d  t w i c e  each hour ( a t  15 and 45 min- 
u tes )  i n  Morse code. 

(1) Hourly modulation schedule 

0 15 45 0 min. 

second pulses 0 call sign 

Call sign Three times by the Morse code 

( 2 )  Wave form of second pulses 
mark mark 

t7<5;2;, ',;/;;, ,, ; A space b;;',,:; I I I I I  i 
1 500ms A 500ms + 500ms 4 

exact time (second) exact time (second) 

(3) Identification of minute signal 

------- m el m 
1s 25 35 58' 595 05 
I I I 1 1  I 

I 
(100 msduration) 

FIGURE 6.12, JG2AS E M I S S I O N  SCHEDULE. 
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The 40 kHz c a r r i e r  frequency ( o f  500 ms dura- 
t i o n )  i s  broadcast a t  t h e  beg inn ing  o f  each 
second except f o r  t h e  59 th  pu lse  i n  each min- 
u te ,  which i s  100 ms long. 

The JGZAS emission schedule i s  shown i n  
f i g u r e  6.12. Other d e t a i l s  a re  shown i n  Table 
6.2. 

6.7.5 MSF, ENGLANO (60 kHz) 

MSF i s  l oca ted  a t  Rugby, Un i ted  Kingdom. 
It i s  operated by  t h e  Na t iona l  Phys ica l  Lab- 
o r a t o r y  i n  Teddington, Middlesex. Transmis- 
s ions  a re  cont inuous except f o r  a maintenance 
p e r i o d  f rom 1000-1400 UTC on t h e  f i r s t  Tuesday 
o f  each month. MSF t ransmi t s  bo th  a f a s t  code 
and a s low code. 

A. Fas t  Code 

Calendar i n fo rma t ion ;  i . e . ,  month, day, 
hour, and minute are  g iven,  t h e  complete da ta  
b u r s t  occupying a t o t a l  o f  330 ms a t  t h e  f a s t  
b i t  r a t e  o f  100 b i ts /second i n  t h e  500 ms 
i n t e r v a l  f o l l o w i n g  the  minute marker. The 
f u l l  fo rmat  o f  t h e  code i s  shown i n  f i g u r e  
6.13. It inc ludes  a c o n t r o l  pu l se  and marker 
b i t  t o  i n i t i a t e  r e c o g n i t i o n  systems i n  t h e  
rece ive r ,  24 da ta  b i t s ,  2 p a r i t y  checks (odd 
p a r i t y )  and a B r i t i s h  Standard Time (BST) 
i n d i c a t o r  (UTC + 1 hour) so t ransmiss ions  a re  
advanced when EST i s  i n  e f f e c t .  

B. Slow Code 

The slow code operates a t  a 1 b i t / second  
r a t e .  The sequence o f  s i g n a l s  i n  each minute 
o f  t h e  t ransmiss ion  i s  shown i n  f i g u r e  6.14. 
Pulse l e n g t h  modu la t ion  i s  used, t h e  c a r r i e r  
be ing  i n t e r r u p t e d  f o r  100 ms f o r  a l o g i c  "0" 
and f o r  200 ms f o r  a l o g i c  "1."  F u l l  calendar 
and t ime i n f o r m a t i o n  i s  p rov ided;  i . e . ,  year ,  
month, day-of-month, day-of-week, hour, and 
minute r e f e r r e d  t o  t h e  minute marker immedi- 
a t e l y  f o l l o w i n g  t h e  code. The minute i t s e l f  
i s  i d e n t i f i e d  by  an 8 - b i t  p recu rso r  t ransmi t -  
t e d  i n  seconds 52 t o  59 i n  t h e  form o f  t h e  
sequence 0111 1110. Exhaust ive t r i a l s  by 
computer s i m u l a t i o n  have conf i rmed t h a t  t h i s  
sequence i s  unique and w i l l  n o t  occur as p a r t  
o f  t h e  code proper  a t  any t ime;  t h e  i d e n t i f i e r  
i s  a l s o  w e l l  p r o t e c t e d  aga ins t  a code w i t h  one 
o r  two e r r o r s  p resent .  

The i n t r o d u c t i o n  o f  a minute i d e n t i f i e r  
enables a very  s imp le  form o f  receiver/decoder 

t o  be developed making use o f  a s h i f t  r e g i s t e r  
whose l e n g t h  can be ad jus ted  t o  acqu i re  as 
l i t t l e  o r  as much o f  t h e  code as i s  des i red .  
For example, i f  t h e  r e g i s t e r  i s  o n l y  8 b i t s  
long, t h i s  w i l l  be s u f f i c i e n t  t o  i d e n t i f y  each 
minute b u t  w i l l  exclude a l l  t h e  o t h e r  data,  
which w i l l  pass through the  s h i f t  r e g i s t e r  b u t  
w i l l  n o t  be recognized s ince  t h e  r e g i s t e r  
responds o n l y  t o  t h e  combinat ion 0111 1110. 
When t h i s  i s  rece ived,  t h e  nex t  c a r r i e r  i n t e r -  
r u p t i o n  i s  i d e n t i f i e d  as t h e  minute marker. 
S i m i l a r l y  a r e g i s t e r  21 b i t s  l ong  w i l l  e x t r a c t  
hour and minute i n f o r m a t i o n  w h i l e  t h e  maximum 
l e n g t h  o f  43 b i t s  i s  necessary f o r  a f u l l  
decoding o f  calendar and t ime-of-day i n f o r -  
mat i  on. 

The code descr ibed so f a r  con ta ins  t h e  
bas i c ,  p r imary  i n f o r m a t i o n  a t  what may be 
c a l l e d  the  f i r s t  l e v e l  o f  coding. However, 
f u r t h e r  subs id ia ry  i n f o r m a t i o n  i s  a l s o  encoded 
a t  a second l e v e l  where l o g i c  "1" i s  i n d i c a t e d  
by a c a r r i e r  i n t e r r u p t i o n  i n  t h e  i n t e r v a l  200 
t o  300 ms f o l l o w i n g  a seconds marker. Th i s  
form o f  coding, as shown i n  f i g u r e  6.14, i s  
a p p l i e d  w i t h i n  the  i d e n t i f i e r  a t  seconds 54 - 
58, i n c l u s i v e ,  and inc ludes  f o u r  p a r i t y  checks 
and a l s o  a BST i n d i c a t o r .  The l a t t e r  i n d i -  
ca tes  t h e  opera t i on  o f  BST, as i n  t h e  f a s t  
code, b u t  w i t h  t h e  d i f f e r e n c e  t h a t  t h e  c l o c k  
genera t i ng  t h e  s low code w i l l  be s e t  1 hour 
ahead o f  UTC when B r i t i s h  Summer Time i s  i n  
e f f e c t .  The second l e v e l  o f  cod ing  a l s o  
embraces t h e  OUT1 i n d i c a t i o n  i n  seconds 1-16, 
i n c l u s i v e ,  and b r i n g s  t h i s  i n f o r m a t i o n  i n t o  
t h e  same format as t h e  o the r  s igna ls .  

The adopt ion  o f  a minute i d e n t i f i e r  
immediately p reced ing  t h e  minute c rea tes  
d i f f i c u l t i e s  i n  i n t r o d u c i n g  a leap second 
s ince  a p o s i t i v e  leap second would be i d e n t i -  
f i e d  as the  f o l l o w i n g  minute marker w h i l e  a 
negat ive  leap second would remove t h e  l a s t  b i t  
i n  t h e  i d e n t i f i e r  i t s e l f .  When necessary, 
t he re fo re ,  t h e  leap second i s  i n s e r t e d  f o l l o w -  
i n g  second 16 where i t  can be accommodated 
w i t h o u t  d is tu rbance t o  t h e  coded sequence and 
i d e n t i f i e r .  

Add i t i ona l  d e t a i l s  about MSF can be found 
i n  Table 6.2. 

6.7.6 U. S. NAVY COMMUNICATION STATIONS 

Some o f  t h e  Navy communication s t a t i o n s  
a re  commonly used t o  s t e e r  frequency sources: 
NAA, NDT, NLK, NPM, NSS, and NWC. However, 
use o f  these s t a t i o n s  f o r  frequency c a l i b r a -  
t i o n  i s  s t r i c t l y  secondary t o  t h e i r  p r imary  
f u n c t i o n  o f  m i l i t a r y  communications. These 
s t a t i o n s  a r e  sub jec t  t o  frequency changes, 
outages, and changes i n  schedule. Changes 
a re  announced i n  advance t o  i n t e r e s t e d  
users by  t h e  USNO. A l l  s t a t i o n s  opera te  
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FIGURE 6.14. MSF 60 k H z  SLOW CODE FORMAT. 
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con t inuous ly  except f o r  maintenance per iods ,  
which a r e  shown below: 

STATION MAINTENANCE SCHEDULE 

- NAA 1400-1800 UTC each Monday; resched- 
u l e d  f o r  p reced ing  F r i d a y  i f  Monday 
i s  a ho l i day .  Half-power opera t ions  
on Wednesday and Thursday from 1200- 
2000 UTC. Scheduled/unscheduled 
half-power operations as required. 

2200-0600 UTC Thursday/Friday except 
f i r s t  Thursday/Friday o f  each month, 
t hen  2200-0800 UTC. 

1700-2200 UTC f i r s t  & t h i r d  Thursday 
o f  each month. 

- NDT 

~ NLK 

- NPM 2200-0200 UTC each Thursday and 
Fr iday .  

- NSS 1200-2000 UTC every  Tuesday 

- NWC COO1-0400 UTC every  Wednesday. 

Other d e t a i l s  o f  these s t a t i o n s  a re  
shown i n  Table 6.2. 

6.7.7 OMA, CZECHOSLOVAKIA (50 kHz) 

OMA i n  L i b l i c e ,  Czechoslovakia, t ransmi t s  
t h e  UTC t ime  scale.  The c a r r i e r  i s  phase- 

locked over a d i s tance  o f  30 k i l omete rs  t o  t h e  
phase o f  UTC (TP), t h e  Czechoslovakian t ime  
sca le .  As a r e s u l t ,  no long-term d r i f t  w i t h  
respec t  t o  UTC(TP) can occur.  The rms phase 
d e v i a t i o n  i s  o f  approx imate ly  100 ns; however, 
d u r i n g  s t r o n g  winds t h e  phase excurs ions  may 
reach 500 ns s ince  t h e  antenna i s  n o t  servo- 
c o n t r o l  1 ed. 

A. Time Code 

The fo rmat  o f  t h e  OMA t ime  code i s  shown 
i n  f i g u r e  6.15. The s i g n a l  i s  bo th  ampl i tude 
and phase keyed. A1 seconds t i c k s  o f  0.1 sec- 
ond d u r a t i o n  a re  pro longed t o  0.5 second t o  
i d e n t i f y  minutes. A t ime  code rep resen t ing  
t h e  t ime  o f  day o f  CET (Cent ra l  European Time 
= UTC + 1 hour) i s  t r a n s m i t t e d  by means o f  
phase-reversing t h e  c a r r i e r  f o r  0.1 second i n  
corresponding seconds o f  t h e  c u r r e n t  minute.  
Thus, i n  each minute a s e r i e s  o f  4 pu lses  (P1 
t o  P4) i s  t ransmi t ted .  

The pu lses ,  t oge the r  w i t h  t h e  A1 minute 
pu lse  (M) form 4 t ime  i n t e r v a l s  which, mea- 
sured i n  seconds, represent  4 numbers: u n i t s  
o f  minutes (UM), tens o f  minutes (TM), u n i t s  
o f  hours (UH), and tens  o f  hours (TH) o f  CET. 
As shown i n  f i g u r e  6.15, t h e  d u r a t i o n  o f  each 
i n t e r v a l  i s  prolonged by 1 second so t h a t  t h e  
number 0 may be t r a n s m i t t e d  as a 1 second 
i n t e r v a l .  I n  t h e  i l l u s t r a t e d  case, 10 hours 
01 minute o f  CET i s  t r a n s m i t t e d  which co r re -  
sponds t o  t h e  f o l l o w i n g  i n t e r v a l s :  

TIME OF DAY (CET) 
10 h 00 m 10 h 01 m 

I I 1 I I ----- .- - - - - - - - - -  1 - - -  
I I 

0 I 54 55 56 57 58 59 0 
I I 
I I 
I I 

OMA ---- 
--- 

AM MINUTE MARK 

56s 

loo 150 t 250 Ins 

0 

JM = UNITS OF MINUTES 
TM = TENS OF MINUTES 
JH = UNITS OF HOURS 
'H = TENS OF HOURS 

\ 
PHASE REVERSAL 

FIGURE 6.15. TIME CODE FORMAT OF OMA - 50 
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P2 - P1 ( i n  seconds) = UM + 1 

P3 - P2 = T M + 1  

P4 - P3 = U H + l  

t h a t  dUTl = +0.02 second x "p . "  Negat ive 
values o f  DUTl  a re  t r a n s m i t t e d  by the  marking 
o f  'q" seconds markers w i t h i n  t h e  range be- 
tween the  35 th  and 40 th  seconds so t h a t  dUTl 
= -0.02 second x "q."  

M - P4 = T H + 1  

6.7.9 VGC3 AND VTR3, USSR 
Completion o f  t he  code by the  date i s  planned 
f o r  t he  near f u t u r e .  

Fu r the r  d e t a i l s  about OMA are shown i n  
Table 6.2. 

6.7.8 RBU (66-2/3 kHz) AND RTZ (50 kHz), USSR 

Table 6.2 g ives d e t a i l s  about these s ta-  
t i o n s .  However, t he  contents  o f  t h e  UT1 co r -  
r e c t i o n s  a re  descr ibed below: 

The i n f o r m a t i o n  about the  va lue and the  
s i g n  o f  t h e  DUTl + dUTl d i f f e r e n c e  i s  t rans -  
m i t t e d  a f t e r  each minute s i g n a l  by t h e  marking 
o f  t h e  corresponding second s i g n a l s  by addi -  
t i o n a l  impulses. I n  a d d i t i o n ,  i t  i s  t rans -  
m i t t e d  i n  accordance w i t h  C C I R  code. Addi- 
t i o n a l  i n f o r m a t i o n  on dUTl i s  g iven,  spec i f y -  
i n g  more p r e c i s e l y  t h e  d i f f e r e n c e  UT1 - UTC 
down t o  m u l t i p l e s  o f  0.02 second, the  t o t a l  
va lue o f  t he  c o r r e c t i o n  being DUTl + dUT1. 
P o s i t i v e  values o f  dUTl are t r a n s m i t t e d  by 
t h e  marking o f  "p" seconds markers w i t h i n  t h e  
range between the  20 th  and 25th seconds so 

These s t a t i o n s  operate a t  25.0, 25.1, 
25.5, 23.0, and 20.5 kHz. Each s t a t i o n  
t r a n s m i t s  40 minutes 4 times/day: 

VGC3 from 0036 t o  0117, 0336 t o  0417, 0636 
t o  0717, and 1736 t o  1817 hours UTC; 

VTR3 from 0536 t o  0617, 1436 t o  1517, and 
1836 t o  1917 hours UTC. 

Two types o f  modulat ion s i g n a l  a re  t rans -  
m i t t e d  d u r i n g  a du ty  pe r iod :  (1) A1 s i g n a l s  
w i t h  c a r r i e r  f requency 25 kHz, d u r a t i o n  
0.0125, 0.025, 0.1, 1, and 10 seconds w i t h  
r e p e t i t i o n  pe r iods  o f  0.025, 0.1,  1, 10, and 
60 seconds r e s p e c t i v e l y ;  and (2) A0 s i g n a l s  
w i t h  c a r r i e r  f requencies 25.0, 25.1, 25.5, 
23.0, and 20.5 kHz. The phases o f  these s i g -  
n a l s  a re  matched w i t h  t h e  t ime  markers o f  t h e  
t r a n s m i t t e d  scale.  

No UT1 i n f o r m a t i o n  i s  t ransmi t ted .  See 
Table 6.2 f o r  f u r t h e r  d e t a i l s  about these 
s t a t i o n s .  
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6 .8  MONITORING DATA AVAILABILITY 

No mat te r  which s t a t i o n  i s  chosen as a 
bas i s  f o r  calibration--WWVB, Omega, o r  VLF-- 
t he  user must be on a m a i l i n g  l i s t  t o  rece ive  
no t i ces  o f  changes i n  ope ra t i on  schedule. 
WVB c u r r e n t l y  operates 24-hours a day every 
day. No changes i n  ope ra t i ng  fo rmat  a re  made 
w i t h o u t  advance n o t i f i c a t i o n .  The Omega 
s t a t i o n s  do schedule maintenance outages and 
some low-power opera t ions .  As t h e  system 
becomes f u l l y  ope ra t i ona l ,  these should 
d imin ish .  Announcements rega rd ing  the  s t a t u s  
o f  t he  var ious  Omega s t a t i o n s  i n  the  Omega 
Nav iga t ion  System a re  g iven h o u r l y  on bo th  WV 
and WVH. See f i g u r e  12.1 i n  Chapter 12 f o r  
announcement t imes. The Navy VLF s t a t i o n s  are  
the  ones most l i k e l y  t o  change t h e i r  mode o f  
ope ra t i on  w i t h o u t  n o t i f i c a t i o n .  

Cur ren t l y ,  NBS and USNO are  mon i to r i ng  
and r e p o r t i n g  the  phase d i f f e r e n c e s  o f  NLK,  
Omega, and some o f  t he  U. S. Loran-C s t a t i o n s .  
I n  a d d i t i o n ,  NBS mon i to rs  and r e p o r t s  phase 
d i f f e r e n c e s  f o r  WWVB and the  USNO o f f e r s  da ta  
on NAA. These data a re  a v a i l a b l e  t o  i n t e r -  
es ted  users by c o n t a c t i n g  t h e  Time and Fre- 
quency D i v i s i o n  o f  NBS o r  t h e  USNO. 

6.9 USING THE WVB TIME CODE 

WVB t ransmi t s  a spec ia l  binary-coded- 
decimal t ime code t h a t  p rov ides  t ime informa- 
t i o n .  Th is  se rv i ce  i s  used by se ismolog is ts ,  
standards labs ,  commercial power companies, 
and o the rs  i n t e r e s t e d  i n  synchron iza t ions  w i t h  
accurac ies  o f  t he  order  o f  500 microseconds. 
The code prov ides  i n f o r m a t i o n  o f  days, hours, 
and minutes. Seconds are  reso lved by count ing  
b i t s .  A c o r r e c t i o n ,  a p p l i e d  t o  t h e  t rans -  
m i t t e d  t ime t o  o b t a i n  e a r t h  t ime,  UT1, i s  a l s o  
p rov ided  f o r  use by some astronomers and 
nav iga tors .  

U n l i k e  a code t h a t  i s  designed p r i m a r i l y  
f o r  machine decoding, t he  WWVB code was 
o r i g i n a l l y  designed t o  be manually decoded 
from s t r i p  c h a r t  record ings  o r  tapes. To 
s i m p l i f y  t h i s  process f o r  a human decoder, t h e  
b i t s  a re  p laced such t h a t  t h e  most s i g n i f i c a n t  
b i t  occurs f i r s t  i n  each code word. The 
ac tua l  b i t  i t s e l f ,  whether a b i n a r y  zero,  
b i n a r y  one, o r  p o s i t i o n  i d e n t i f i e r ,  i s  de te r -  
mined by the  d u r a t i o n  o f  t he  power reduc t i on  
o f  t he  t r a n s m i t t e d  c a r r i e r .  

6 .9 .1  T I M E  CODE FORMAT 

The WWVB t ime code i s  generated by chang-, 
i n g  t h e  power l e v e l  o f  t he  60-kHz c a r r i e r .  
The c a r r i e r  power i s  reduced 10 dB a t  t he  
beg inn ing  o f  each second and res to red  t o  f u l l  

power 200 m i l l i seconds  l a t e r  f o r  a b i n a r y  
zero, 500 m i l l i s e c o n d s  l a t e r  f o r  a b i n a r y  
one, and 800 m i l l i seconds  l a t e r  f o r  a r e f e r -  
ence marker o r  p o s i t i o n  i d e n t i f i e r .  C e r t a i n  
groups o f  pu lses  are  encoded t o  represent  
decimal numbers which i d e n t i f y  t h e  minute,  
hour, and day o f  year .  The b inary - to -dec ima l  
we igh t i ng  scheme i s  8-4-2-1 w i t h  the  most 
s i g n i f i c a n t  b i n a r y  d i g i t  t r a n s m i t t e d  f i r s t .  
Note t h a t  t h i s  we igh t i ng  sequence i s  t he  
reverse  o f  t h e  WV/WVH code. The BCD groups 
and t h e i r  bas i c  decimal equ iva len ts  a re  tabu- 
l a t e d  below: 

B I N A R Y  GROUP 
WEIGHT: 8 4 2 1 

0 0 0 0  
0 0 0 1  
0 0 1 0  
0 0 1 1  
0 1 0 0  
0 1 0 1  
0 1 1 0  
0 1 1 1  
1 0 0 0  
1 0 0 1  

DECIMAL 
EQUIVALENT 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

The decimal equ iva len t  o f  each group i s  
de r i ved  by m u l t i p l y i n g  t h e  i n d i v i d t i a l  b i n a r y  
d i g i t s  by the  we igh t  f a c t o r  o f  t h e i r  respec- 
t i v e  columns and then adding t h e  f o u r  p roduc ts  
together .  For example, t h e  b i n a r y  sequence 
1001 i n  8-4-2-1 code i s  equ iva len t  t o  ( 1  x 8) 
+ ( 0 x 4 )  + ( O x 2 ) + ( 1 x 1 ) = 8 + 0 + 0 + 1  
= 9, as shown i n  the  t a b l e .  I f  fewer than 
n ine  decimal d i g i t s  a re  requ i red ,  one o r  more 
o f  t h e  h igh-order  b i n a r y  d i g i t s  may be d i s -  
pensed w i t h .  

Once every minute, i n  s e r i a l  fash ion ,  t h e  
code format p resents  BCD numbers corresponding 
t o  the  c u r r e n t  minute,  hour,  and day on t h e  
UTC scale.  Two BCD groups i d e n t i f y  t h e  minute 
(00 through 59); two groups i d e n t i f y  t he  hour 
(00 through 23); and th ree  groups i d e n t i f y  t h e  
day o f  year  (001 through 366). When repre-  
sen t ing  u n i t s ,  tens,  o r  hundreds, t h e  bas i c  
8-4-2-1 weights a re  m u l t i p l i e d  by 1, 10, o r  
100 respec t i ve l y .  The coded i n f o r m a t i o n  
r e f e r s  t o  the  t ime a t  t h e  beg inn ing  o f  t he  
one-minute frame. W i t h i n  each frame, t h e  
seconds may be determined by count ing  pulses.  

Every new minute commences w i t h  a frame 
re fe rence pu lse  which l a s t s  f o r  0.8 second. 
Also,  every ten-second i n t e r v a l  w i t h i n  t h e  
minute is  marked by a p o s i t i o n  i d e n t i f i e r  
pu l se  o f  0.8-second du ra t i on .  

UT1 c o r r e c t i o n s  t o  t h e  neares t  0.1 second 
are  t r a n s m i t t e d  a t  seconds 36 through 44 o f  
each frame. Coded pu lses  a t  36, 37, and 38 
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seconds i n d i c a t e  t h e  p o s i t i v e  o r  negat ive  
r e l a t i o n s h i p  o f  UT1 w i t h  respec t  t o  UTC. 
Pulses a t  36 and 38 seconds a re  t r a n s m i t t e d  as 
b i n a r y  ones o n l y  i f  UT1 i s  e a r l y  w i t h  respec t  
t o  UTC, i n  which case a c o r r e c t i o n  must be 
added t o  t h e  UTC s i g n a l s  t o  o b t a i n  UT1. The 
pu lse  t r a n s m i t t e d  a t  37 seconds i s  a b i n a r y  
one i f  UT1 i s  l a t e  w i t h  respec t  t o  UTC, i n  
which case t h e  r e q u i r e d  UT1 c o r r e c t i o n  must 
then be subt rac ted .  The magnitude o f  t h e  UT1 
c o r r e c t i o n  i s  t r a n s m i t t e d  as a BCD group a t  
40, 41, 42, and 43 seconds. Because UT1 
c o r r e c t i o n s  a re  expressed i n  ten ths  o f  sec- 
onds, t h e  bas i c  8-4-2-1 we igh t  o f  t h a t  p a r t i -  
c u l a r  b i n a r y  group i s  m u l t i p l i e d  by 0.1 t o  
o b t a i n  i t s  p roper  decimal equ iva len t .  

F igu re  6.16 shows a sample frame o f  t h e  
t ime  code i n  r e c t i f i e d  o r  dc form. The 
negat ive-go i  ng edge o f  each pu lse  c o i  nc des 
w i t h  t h e  beg inn ing  o f  a second. Posi i o n  
i d e n t i f i e r s  a re  l abe led  PI, Pp, PB, P4, P 5 ,  
and Po. Brackets  show t h e  demarcation o f  t h e  
minutes,  hours,  days, and UT1 se ts .  The 
a p p l i c a b l e  we igh t  f a c t o r  i s  p r i n t e d  beneath 
t h e  coded pu lses  i n  each BCD group. Except 
f o r  t h e  p o s i t i o n  i d e n t i f i e r s  and t h e  frame 
re fe rence marker, a l l  uncoded pu lses  a re  
b i  nary  zeros. 

I n  f i g u r e  6.16, t h e  most s i g n i f i c a n t  d i g -  
i t  o f  t h e  minutes s e t  i s  (1  x 40) + (0  x 20) 
+ (0  x 10) = 40; t h e  l e a s t  s i g n i f i c a n t  d i g i t  
of t h a t  s e t  i s  (0  x 8) + (0  x 4) + (1 x 2) 
+ (0  x 1) = 2. Thus, a t  t h e  beg inn ing  o f  t h e  
frame, UTC was p r e c i s e l y  42 minutes p a s t  t h e  

I I I I I I I I I  I 1 1 I I I I l I  I I I I I 1 I I I  I I I , I I I I I  1 1 1 , 1 1 1 1 1  

hour. The se ts  f o r  hours and days revea l  f u r -  
t h e r  t h a t  i t  i s  t h e  18 th  hour o f  t h e  258th 
day o f  t h e  year.  The UT1 c o r r e c t i o n  i s  -0.7 
second, so a t  t h e  beg inn ing  o f  t h e  frame t h e  
c o r r e c t  t ime  on t h e  UT1 sca le  was 258 days, 18 
hours, 41 minutes,  59.3 seconds. 

I I I , I I I I I  

6.9.2 TIME TRANSFER USING THE 

TRANSMITTED ENVELOPE 

The 
use 

There a re  t h r e e  ways t o  use t h e  code. 
f i r s t  way--also t h e  most expens ive- - i s  t o  
a WWVB r e c e i v e r  w i t h  an automat ic decoder 

and d i s p l a y  u n i t .  There a re  a number o f  
manufacturers t h a t  produce t h i s  t ype  o f  
equipment. A second l e v e l  o f  user equipment 
c o n s i s t s  o f  a r e c e i v e r  hav ing  i n t e r n a l  l o g i c  
c i r c u i t s  t h a t  p r o v i d e  a l e v e l  s h i f t  code 
ou tpu t .  Th i s  code may be a p p l i e d  d i r e c t l y  t o  
a s t r i p  c h a r t  o r  t o  an o s c i l l o s c o p e  f o r  manual 
use. The s imp les t  equipment migh t  c o n s i s t  o f  
a tuned r a d i o  f requency r e c e i v e r  w i t h  an 
osc i l l oscope  used t o  observe t h e  a m p l i f i e d  
s igna l .  

F igu re  6.17 shows t h e  s i g n a l  envelope as 
seen on an osc i l l oscope  a t  t h e  t r a n s m i t t e r .  
The on-t ime p o i n t s  a re  e a s i l y  seen. Wi th  t h e  
h o r i z o n t a l  sca le  o f  t h e  osc i  1 loscope expanded 
t o  200 microseconds/centimeter, t h e  on-time 
p o i n t  can be determined t o  about 2 cyc les  o f  
t h e  60 kHz c a r r i e r .  O f  course, t h e  f a r t h e r  
t h e  r e c e i v i n g  s i t e  i s  f rom t h e  t r a n s m i t t e r ,  
t h e  more t h e  s igna l - to -no ise  r a t i o  degrades 

r-- T I M E  F R A M E  1 M I N U T E  
(INDEX C O U N T  1 ~ E C O I ~ D )  17 

B I N A R Y  C O O E D  D E C I M A L  7 1 M E - O F - Y E A R  C O D E  WORD ( 2 3  U I G I T S )  
C O N T R O L  F U N C T I O N S  ( 1 5  D I G I T S )  U S E D  F O R  U T ,  C O R R E C T I O N S  

U T C  A T  P O I N T  A U T 1  A T  P O I N T  A 
258 D A Y S  2 5 8  D A Y S  

18  H O U R S  18 H O U R S  
6 P P M  P O S I T I O N  I D E N T I F I E R  M A R K E R S  A N D  P U L S E S ( P o  T H R U  P s )  4 2  M I N U T E S  41 M I N U T E S  

( R E D U C E D  C A R R I E R  0 . 8  S E C O N D  D U R A T I O N  P L U S  0 . 2  S E C O N D  D U R A T I O N  P U L S E )  
W - W E I G H T E D  C O O E  D I G I T  ( C A R R I E R  R E S T O R E D  I N  0 . 5  S E C O N D  - B I N A R Y  O N E )  
U - U N W E I G H T E D  C O D E  D I G I T  ( C A R R I E R  R E S T O R E D  I N  0 . 2  S E C O N D  - B I N A R Y  Z E R O )  

N O T E :  B E G I N N I N G  O F  P U L S E  I S  R E P R E S E N T E D  B Y  N E G A T I V E  - G O I N G  E D G E .  

5 9 . 3  S E C O N D S  

FIGURE 6.16. WWVB TIME CODE FORMAT 
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FIGURE 6.17. WWVB ENVELOPES AS TRANSMITTED. 

u n t i l  some averag ing  techniques must be 
employed. Since t h e  WWVB da ta  r a t e  i s  so 
low--one b i t  p e r  second--v isual  i n t e g r a t i o n  i s  
ve ry  d i f f i c u l t ,  e s p e c i a l l y  when the  h o r i z o n t a l  
sca le  i s  expanded t o  a l l o w  g rea te r  t ime 
r e s o l u t i o n .  Averaging o r  s igna l  i n t e g r a t i o n  
us ing  a s i g n a l  averager o r  an osc i l l oscope  
camera works q u i t e  w e l l  a t  remote r e c e i v i n g  
l oca t i ons .  (See Chapters 4 and 5 f o r  more 
i n f o r m a t i o n  about these techniques. ) 

The ac tua l  process o f  t ime recovery  
cons is t s  o f  v iewing  t h e  s i g n a l  envelope on an 
osc i l l oscope  t h a t  i s  be ing  t r i g g e r e d  by a 
l o c a l  c l o c k  a t  t h e  r e c e i v i n g  s i t e .  Having 
p r e v i o u s l y  determined t h e  pa th  de lay ,  i t s  
va lue  can be sub t rac ted  from t h e  t o t a l  ob- 
served de lay  on the  osc i l l oscope  t o  o b t a i n  t h e  
l o c a l  c l o c k  e r r o r .  

I n  very  no i sy  l o c a t i o n s ,  where t h e  
on-time p o i n t  i s  d i f f i c u l t  t o  i d e n t i f y ,  a 
photograph of t h e  waveform can be h e l p f u l .  
Sometimes i t  i s  advantageous t o  a l l o w  a number 
o f  osc i l l oscope  t races  t o  be exposed on t h e  
same p iece  o f  f i l m .  Th i s  has an averaging 
e f f e c t  t h a t  s i m p l i f i e s  t h e  l o c a t i o n  o f  t h e  
on-time p o i n t .  However, a s i n g l e  exposure can 

be used. Take the  photo and draw one hor izon-  
t a l  l i n e  through the  average o f  t he  waveform 
ampl i tude and another l i n e  a long t h e  average 
slope o f  t he  dropout.  The i n t e r s e c t i o n  o f  
these l i n e s  i s  t he  on-time p o i n t .  

Rece iv ing  s i t e s  t h a t  a re  l ong  d is tances  
from t h e  t r a n s m i t t e r  have an added problem 
when h i g h  r e s o l u t i o n  t i m i n g  i s  des i red .  I f  
t h e  de lay  t o  t h e  r e c e i v e r  s i t e  i s ,  say, 15 
m i l l i s e c o n d s  and t h e  sweep speed i s  s e t  t o  1 
m i l l i second /cen t ime te r ,  t he  on-time p o i n t  o f  
t he  envelope w i l l  be o f f  t h e  osc i l l oscope  
face. Th is  problem can be reso lved  i f  a 
second c l o c k  i s  a v a i l a b l e .  The a u x i l i a r y  
c l o c k  can be ad jus ted  l a t e  so t h a t  when used 
f o r  t h e  osc i l l oscope  t r i g g e r  source, t he  
on-time p o i n t  w i l l  be near t h e  beg inn ing  o f  
t h e  t race .  The sweep speed can now be i n -  
creased t o  o b t a i n  t h e  des i red  r e s o l u t i o n .  The 
t ime i n t e r v a l s  t o  be accounted f o r  a re  the  
t ime  between the  beg inn ing  o f  t h e  t r a c e  and 
t h e  on-time p o i n t ,  and t h e  i n t e r v a l  between 
t h e  l o c a l  c l o c k  and t h e  a u x i l i a r y  c lock .  The 
l o c a l  c l o c k  e r r o r ,  Ate,  w i l l  be 

A te  = D - A t c  - A to  , 
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where: D i s  t he  propagat ion  de lay  6.10 SUMMARY 

Al though you can g e t  b e t t e r  accurac ies  by 
us ing  LF and VLF broadcasts than you can from 

c locks  HF broadcasts,  use o f  these s i g n a l s  poses 
spec ia l  problems t h a t  a re  n o t  encountered a t  
HF. But  i f  you need frequency accurac ies  o f  a 
p a r t  i n  10 l1  o r  b e t t e r ,  o r  t ime  synchroniza- 
t i o n  t o  500 microseconds, VLF o r  LF broadcasts 
may s u i t  you r  needs ve ry  w e l l .  However, you 
must be w i l l i n g  t h e  spend t h e  t ime, money, 
and e f f o r t  necessary t o  g e t  maximum r e s u l t s .  

A t c  i s  t h e  i n t e r v a l  between t h e  two 

A t o  i s  t h e  t r a c e  de lay  on t h e  
osc i l l oscope  

I f  Ate  i s  D o s i t i v e .  then t h e  l o c a l  c l o c k  You do have an a l t e r n a t i v e .  thouah. The 
pu lse  occurS a f te r  t h e  t r a n s m i t t e d  time pulse. 
If Ate  i s  negat ive ,  t h e  l o c a l  c l o c k  pu lse  
occurs f i r s t .  

frequency c a l i b r a t i o n  s e r v i c e  'using -network 
t e l e v i s i o n  and t h e  TV Line-10 method o f  
o b t a i n i n g  t ime  and/or f requency may be l e s s  
expensive and e a s i e r  t o  use. 
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CHAPTER 7. FREQUENCY CALIBRATIONS USING TELEVISION SIGNALS 

One o f  t h e  newer f requency c a l i b r a t i o n  
se rv i ces  o f f e r e d  by NBS uses TV s i g n a l s  which 
have some advantages over r a d i o  broadcasts:  
F i r s t ,  t he  s i g n a l s  a re  r e a d i l y  a v a i l a b l e  and 
u s u a l l y  very  s t rong.  Second, t e l e v i s i o n  re -  
ce i ve rs  and antennas a re  s imple t o  operate and 
i n s t a l  1. Radio s i g n a l s  a re  c a r e f u l l y  con- 
t r o l l e d  a t  t h e  t r a n s m i t t e r ,  b u t  when rece ived  
by the  user,  they  a re  sometimes degraded i n  
q u a l i t y  and d i f f i c u l t  t o  l o c a t e  i n  t h e  r a d i o  
bands. C a l i b r a t i o n  v i a  t e l e v i s i o n  l e t s  t h e  
user concent ra te  on t h e  c a l i b r a t i o n  and spend 
l e s s  t ime f u s s i n g  t o  g e t  a good s i g n a l .  

Th is  f requency c a l i b r a t i o n  se rv i ce  uses 
t e l e v i s i o n  s i g n a l s  i n  a t r a n s f e r  mode. I f  a 
user wants t o  make a c a l i b r a t i o n ,  he compares 
a TV s i g n a l  coming from t h e  n a t i o n a l  networks 
w i t h  h i s  l o c a l  o s c i l l a t o r .  NBS mon i to rs  t h e  
same s igna l ,  c a l i b r a t e s  it, and t e l l s  t he  user 
what c o r r e c t i o n  t o  use. 

The network s igna ls  a re  c o n t r o l l e d  by 
atomic o s c i l l a t o r s  and change t h e i r  frequency 
ve ry  s low ly ,  so t h e  user needs new c o r r e c t i o n  
da ta  a t  i n f r e q u e n t  i n t e r v a l s .  NBS checks the  
networks d a i l y  b u t  pub l i shes  t h e  c o r r e c t i o n s  
o n l y  once a month. Th is  i s  o f t e n  enough. The 
r e s u l t s  ob ta ined by t h i s  method o f  f requency 
c a l i b r a t i o n  match o r  exceed any o t h e r  method 
a v a i l a b l e .  Anyone d e s i r i n g  a frequency c a l i -  
b r a t i o n  can make one q u i c k l y  and have c o n f i -  
dence i n  t h e  r e s u l t s .  Accuracies ob ta inab le  

range from a p a r t  i n  i o 9  t o  a few p a r t s  i n  
1011. 

7.1 HOW THIS FITS INTO OTHER NBS S E R V I C E S  

NBS operates r a d i o  s t a t i o n s  WWV, WWVH, 
and W V B .  I t  a l s o  has a TV Line-10 se rv i ce  
which i s  exp la ined i n  t h e  nex t  chapter.  Th is  
s e r v i c e  complements t h e  r a d i o  broadcasts and 
Line-10. Users who have t h e  equipment and 
s k i l l  necessary t o  use r a d i o  s i g n a l s  w i l l  
p robab ly  want t o  cont inue t o  use them. How- 
ever ,  if TV s i g n a l s  a re  a v a i l a b l e  and the  
r a d i o  se rv i ces  f a l l  s h o r t  i n  some respec t ,  
then a sw i t ch  i s  i nd i ca ted .  Many users can 
g e t  a good TV s i g n a l  i n  t h e i r  area, b u t  f i n d  
i t  d i f f i c u l t  t o  e r e c t  a s u i t a b l e  antenna f o r  
t h e  NBS r a d i o  s igna ls .  Th i s  t e l e v i s i o n  f r e -  
quency c a l i b r a t i o n  se rv i ce  operates e q u a l l y  
w e l l  on cab le  (CATV) systems, the  UHF chan- 
ne ls ,  and i n  areas o f  Canada and Mexico t h a t  
rece ive  U.S. network s igna ls .  But  t h e  r e -  
c e i v e r  must be a c o l o r  se t .  

7.2 B A S I C  PRINCIPLES OF THE TV 
FREQUENCY CALIBRATION S E R V I C E  

The major t e l e v i s i o n  networks i n  t h e  U.S. 
use atomic o s c i l l a t o r s  t o  generate t h e i r  r e f -  
erence s igna ls .  These a re  e i t h e r  cesium o r  

A NBS FREQUENCY STANDARD 

B NETWORK STANDARD 3 
C USER'S OSCILLATOR 

::E > COMPARE A-C = CALIBRATION O F  C 

FREQUENCY STANDARDS SIGNALS I COMPARED 

1111111 

1111 
I 

6 
I PUBLISHED DATA 

CALIBRATION 

I 
I 

/ 
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FIGURE 7.1. EQUIPMENT SETUP FOR COMPARING A 5 MHz OSCILLATOR WITH NETWORK 5 MHz OSCILLATOR. 

rub id ium o s c i l l a t o r s  t h a t  produce t h e  neces- 
sa ry  c o l o r  s i g n a l  a t  a f requency o f  3.58 MHz. 
A l l  home c o l o r  t e l e v i s i o n  r e c e i v e r s  " l o c k "  
on to  t h e  c o l o r  s u b c a r r i e r  s i g n a l .  So, when a 
c o l o r  s e t  i s  tuned t o  a network program, i t s  
i n t e r n a l  3.58 MHz o s c i l l a t o r  generates a rep-  
l i c a  o f  t h e  atomic o s c i l l a t o r  s i g n a l  back a t  
t h e  network s t u d i o .  T h i s  a l l o w s  everyone w i t h  
a c o l o r  s e t  t o  have a lmost  d i r e c t  access t o  a 
number o f  a tomic o s c i l l a t o r s  f o r  c a l i b r a t i o n s .  
And n o t  j u s t  any o s c i l l a t o r s  a t  t h a t - - t h e s e  
a r e  checked by  t h e  N a t i o n a l  Bureau o f  Stan- 
dards which p u b l i s h e s  t h e i r  exac t  frequency. 

The 3.58 MHz s i g n a l  f rom t h e  c o l o r  re -  
c e i v e r  i s  n o t  a s u b s t i t u t e  f o r  y o u r  own o s c i l -  
l a t o r .  It i s  a c a l i b r a t i n g  s i g n a l  t h a t  can be 
used t o  s e t  y o u r  o s c i l l a t o r  v e r y  a c c u r a t e l y .  
I n  o n l y  15 minutes, you  can g e t  r e s u l t s  t h a t  
would t a k e  hours o r  days t o  g e t  u s i n g  NBS 
r a d i o  s t a t i o n s .  

L e t ' s  l o o k  a t  t h e  b a s i c  p r i n c i p l e  o f  t h e  
se rv i ce .  The o s c i l l a t o r s  used by  t h e  networks 
a r e  5 MHz u n i t s  m o d i f i e d  t o  i n c l u d e  a synthe- 
s i z e r  t o  generate a 3.5795454545 ... MHz (round- 
ed t o  3.58 MHz) c o l o r  s u b c a r r i e r  s i g n a l .  The 
3.58 MHz was syn thes i zed  by  t a k i n g  

63 88 x 5 MHz. 

I f  one wishes t o  a d j u s t  t h e  f requency o f  a 5 
MHz o s c i l l a t o r .  t o  agree w i t h  t h e  network 5 
MHz, i t  can be done by u t i l i z i n g  t h e  phase 
d e t e c t o r  scheme shown i n  f i g u r e  7.1. You 
m i g h t  ask, why measure phase t o  c a l i b r a t e  
f requency? As shown by  t h e  meter i n  f i g u r e  
7.1, two f requenc ies  a r e  compared by  making a 
phase comparison. I n  t h i s  case, t h e  s i g n a l s  
compared a r e  a t  3.58 MHz, so t h e  phase meter 
f u l l  s c a l e  d e f l e c t i o n  "reads" one c y c l e  (360') 

o f  t h a t  f requency o r ,  u s i n g  t h e  p e r i o d  o f  t h e  
s i g n a l ,  about  279 nanoseconds f u l l  sca le.  I f  
t h e  l o c a l  o s c i l l a t o r  f requency changes r e l a -  
t i v e  t o  t h e  network c o l o r  s i g n a l ,  t h e  meter 
moves. How much does i t  move? I f  those two 
f requenc ies  d i f f e r e d  by  one c y c l e  p e r  second, 
t h e  meter  would d e f l e c t  ze ro  t o  f u l l  s c a l e  i n  
one second and then  s t a r t  over  aga in  i n  t h e  
n e x t  second. 

N o t i c e ,  however, t h a t  i f  t h e  o s c i l l a t o r  
i n  t h e  f i g u r e  were o f  h i g h  q u a l i t y ,  we c o u l d  
expect  a s low moving meter. L e t ' s  t a k e  an 
example: Assume t h e  c r y s t a l  o s c i l l a t o r  f r e -  
quency i s  a l r e a d y  s e t  t o  w i t h i n  one p a r t  i n  
1O1O o f  t h e  network o s c i l l a t o r  frequency. The 
problem i s  t o  f i g u r e  o u t  how much t h e  meter  
w i l l  move; t h a t  i s ,  how many degrees o f  phase 
o r  nanoseconds w i l l  be accumulated i n  one 
second. Set up t h e  problem l i k e  t h i s :  

Nanoseconds accumulated = lo-10 
1 second 

The r i g h t  s i d e  o f  t h e  equa t ion  i s  a number 
w i t h o u t  dimensions (a  numeric) so t h e  l e f t  
s i d e  must match. T h i s  m a n s  t h a t  we m u l t i p l y  
t h e  denominator (seconds) by t o  g e t  
nanoseconds f o r  ou r  u n i t s .  T h i s  w i l l  cancel 
t h e  nanoseconds i n  t h e  numerator, g i v i n g  us a 
numeric on t h e  l e f t  s i de .  

SOLVING: Number o f  nanoseconds accumulated i n  
1 0+9 nanoseconds (one second) 

= 10-10 x 10+9 = 10-1 

= one- ten th  o f  a nanosecond i n  one 
second. 

T h i s  means t h a t  ou r  meter w i l l  t a k e  t e n  sec- 
onds t o  move one nanosecond. O r ,  we can say 
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t h a t  our  meter w i l l  move f u l l  sca le  (279 
nanoseconds) i n  2790 seconds. Th is  i s  about 
46 minutes. 

So, measuring e l e c t r i c a l  phase & t h e  way 
t o  g o - - i t  i s  r e a l l y  j u s t  another way o f  say ing  
t h a t  we a re  measuring p a r t  o f  a c y c l e  ( c a l l e d  
t h e  r e l a t i v e  frequency--Chapter 3), w r i t t e n :  

- A t  - A f  

T f  
> 

where the  r e l a t i v e  frequency, A f / f ,  i s  our 
smal l  f r a c t i o n ,  1 x 10- lo .  Both methods 
descr ibed i n  t h e  f o l l o w i n g  pages a re  based on 
t h i s  p r i n c i p l e  o f  measuring phase t o  ge t  f r e -  
quency. The r e s u l t s  f o r  bo th  methods g i v e  an 
answer as a r e l a t i v e  frequency from t h e  
o s c i l l a t o r ' s  nominal value. 

I f  we syn thes ize  3.58 MHz from our  5 MHz 
o s c i l l a t o r ,  t h e  phase o f  t h e  two 3.58 MHz 
s i g n a l s  may be compared e i t h e r  on a meter o r  
on a c h a r t  recorder .  I f  t h e  meter stands 
s t i l l  o r  t h e  c h a r t  recorder  draws a s t r a i g h t  
l i n e ,  i n d i c a t i n g  a f i x e d  phase r e l a t i o n s h i p  
between t h e  two 3.58 s igna ls ,  i t  f o l l o w s  t h a t  
t h e  two 5 MHz o s c i l l a t o r s  agree i n  frequency. 

O f  course, when we a re  us ing  o f f - t h e - a i r  
TV s igna ls ,  t h e  meter w i l l  n o t  stand s t i l l  and 
t h e  c h a r t  recorder  w o n ' t  draw a s t r a i g h t  l i n e .  
Due t o  i n s t a b i l i t i e s  i n  t h e  propagat ion  pa th ,  
we w i l l  see smal l  "bumps" o r  jumps i n  phase. 
I n  a d d i t i o n ,  t h e  o s c i l l a t o r  i t s e l f  w i l l  a f f e c t  
t h e  s t ra igh tness  o f  t h e  l i n e .  

7.2.1 PHASE INSTABILITIES OF THE TV SIGNALS 

I f  t h e  5 MHz l o c a l  o s c i l l a t o r  were per-  
f e c t l y  matched w i t h  t h e  network o s c i l l a t o r  so 
t h a t  t he  o n l y  i n s t a b i l i t i e s  were those i n t r o -  
duced by  t h e  network pa th ,  a phase c h a r t  

reco rd ing  o f  t h e  two s igna ls  migh t  l o o k  some- 
t h i n g  l i k e  f i g u r e  7.2. 

There a re  b a s i c a l l y  f o u r  types  o f  phase 
i n s t a b i l i t y  i l l u s t r a t e d :  l a r g e  and smal l  
phase jumps, network pa th  l e n g t h  changes, and 
l o c a l  s t a t i o n  o r i g i n a t i o n s .  A l l  o f  these 
i n s t a b i l i t i e s  tend t o  l i m i t  t h e  p r e c i s i o n  o f  
phase measurement, and hence, t h e  p r e c i s i o n  
w i t h  which you can c a l i b r a t e  t h e  frequency o f  
t h e  l o c a l  o s c i l l a t o r  t o  the  network 3.58 MHz. 
The i d e a l  phase p l o t  i s  shown as a s t r a i g h t  
d o t t e d  l i n e  a t  +30°, cons tan t  phase. The 
u l t i m a t e  r e s o l u t i o n  i s  l i m i t e d  p r i m a r i l y  by 
t h e  slow cont inuous network p a t h  change i l l u s -  
t r a t e d  from minutes 11 through 14. I n  most 
cases, r e s o l u t i o n  i s  l i m i t e d  t o  about 10 
nanoseconds i n 15 minutes. Th i  s corresponds 
t o  a r e s o l u t i o n  o f :  

A f  - A t  - 10 ns - 10 ns 

f T 15 min 900 s 
- - - - - - - - 

For measurement t imes shor tek  than 15 
minutes , t h e  measurement r e s o l u t i o n  w i  11 be 
reduced rough ly  i n  p r o p o r t i o n  t o  t h e  reduc t i on  
i n  measurement t ime; i . e . ,  1 x i n  1.5 
minutes. Note t h a t  t h i s  r e s o l u t i o n  represents  
about t h e  best one can hope t o  achieve. I f  
l a r g e  and smal l  phase jumps a re  n o t  taken i n t o  
account, t he  r e s u l t  can be much worse. 

The l a r g e  phase jumps (up t o  ? 90' o r  2 
70 ns) a re  p r i m a r i l y  t h e  r e s u l t  o f  t h e  way t h e  
networks operate.  Phase jumps a re  caused by 
sw i t ch ing  from one video tape machine o r  
camera t o  another,  w i t h  d i f f e r e n t  leng ths  o f  
cab le  be ing  p laced i n  the  path.  Most l a r g e  
phase jumps a re  caused by changes from a pro-  
gram t o  a commercial and back again. Using TV 
requ i res  some a t t e n t i o n  t o  what i s  on t h e  
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screen--one should be a l e r t  t o  sudden phase 
jumps c o i n c i d e n t  w i t h  commercials. 

Small phase jumps a r e  t h e  r e s u l t  o f  phase 
d i s t o r t i o n  i n  t h e  microwave system used t o  
c a r r y  t h e  network programs and t o  m u l t i p a t h  
s i g n a l s  between t h e  l o c a l  s t a t i o n  t r a n s m i t t e r  
and t h e  TV r e c e i v e r .  D i f f e r e n t i a l  phase d i s -  
t o r t i o n  w i t h i n  t h e  TV r e c e i v e r  a l s o  c o n t r i -  
butes. The magnitude o f  smal l  phase jumps i s  
on t h e  o r d e r  o f  1 t o  10 ns, depending on t h e  
network and t h e  degree o f  m u l t i p a t h  a t  t h e  
r e c e i v i n g  l o c a t i o n .  For  b e s t  r e s u l t s ,  you 
should use an antenna system t h a t  min imizes 
' I  ghosts  . " 

D u r i n g  s t a t i o n  breaks,  t h e  r e c e i v e d  3.58 
MHz o f t e n  o r i g i n a t e s  f rom t h e  l o c a l  t e l e v i s i o n  
s t a t i o n ' s  3.58 MHz o s c i l l a t o r .  Unless t h e  
l o c a l  s t a t i o n  i s  one o f  t h e  few t h a t  i s  equip- 
ped w i t h  a rub id ium o r  cesium o s c i l l a t o r ,  i t s  
f requency w i l l  p robab ly  be no b e t t e r  t h a n  1 x 

and t h e  phase w i l l  change more r a p i d l y ,  
about  one f u l l  c y c l e  p e r  second. No p r e c i s i o n  
measurements can be made on l o c a l  programming. 
Many s t a t i o n s  r e c o r d  network programs f o r  r e -  
b roadcas t  a t  a d i f f e r e n t  t ime.  When network 
programs a r e  " tape  delayed,' '  t h e  3.58 MHz, 
again,  i s  re ferenced t o  t h e  l o c a l  s t a t i o n ' s  
o s c i l l a t o r  and i s  t h e r e f o r e  i n v a l i d  as a p re -  
c i s i o n  re fe rence .  I n  any g i v e n  area o f  t h e  
U.S. ,  a few days o f  exper ience w i l l  p r o v i d e  a 
use r  wi th  a good i d e a  o f  l o c a l  program sched- 
u l e s .  

7.2.2 TYPICAL VALUES FOR THE U.S. NETWORKS 

I n  a l l  o f  t h e  p reced ing  d i scuss ions ,  i t  
has been assumed t h a t  t h e  goal i s  t o  c a l i b r a t e  
a l o c a l  o s c i l l a t o r  and t o  make i t  agree 
e x a c t l y  w i th  t h e  f requency o f  t h e  network 

o s c i l l a t o r s .  T h i s  i s  not what we want. For  
reasons t h a t  need n o t  concern us here,  t h e  
f requency o f  t h e  network o s c i l l a t o r s  d i f f e r  
f rom t h e  NBS f requency s tandard  by about  -3000 
p a r t s  i n  l o l l .  The exac t  d i f f e r e n c e  i s  mea- 
sured by NBS and p u b l i s h e d  i n  t h e  month ly  NBS 
Time and Frequency B u l l e t i n .  T h i s  p u b l i c a t i o n  
can be obta ined,  f r e e  o f  charge, by  w r i t i n g  
t h e  Time & Frequency Serv i ces  Group, NBS, 
Boulder ,  CO 80303. I n  p e r f o r m i n g  a c a l i b r a -  
t i o n ,  t h e  o s c i l l a t o r  versus TV shou ld  g i v e  a 
d i f f e r e n c e  equal t o  t h e  p u b l i s h e d  va lues.  

The average r e l a t i v e  f requency f o r  t h e  
t h r e e  commercial networks, w i t h  r e s p e c t  t o  t h e  
NBS f requency standard, f o r  t h e  week June 24- 
30, was: 

EAST COAST 

FNBC = -3013.9 x 

FcBs = -3002.4 x 

FABC = -3000.0 x lo-'' 

WEST COAST 

FNBC = -3015.2 x 10-l' 

FcBs = Not Mon i to red  

FABC = -3000.0 x lo-'' 

The minus s i g n  p reced ing  t h e  r e s u l t s  i n -  
d i c a t e s  t h a t  t h e  network s u b c a r r i e r  s i g n a l  i s  
l ower  i n  f requency than  t h e  NBS f requency 
standard. 
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You might  ask why t h e r e  a re  two se ts  o f  
data. Network programs i n  the  Eastern,  
Cent ra l ,  and Mountain Time Zones o r i g i n a t e  
f rom New York City. However, i n  t h e  P a c i f i c  
Time Zone, network programs o r i g i n a t e  from Los 
Angeles, so d i f f e r e n t  o s c i l l a t o r s  a re  i n -  
volved. The NBS mon i to rs  t h e  networks on bo th  
coasts.  Therefore,  i f  you l i v e  i n  t h e  East- 
e rn ,  Cen t ra l ,  o r  Mountain Time Zone, you 
should use the  da ta  pub l i shed  f o r  t h e  East 
Coast. The West Coast da ta  a re  o n l y  f o r  those 
use rs  who l i v e  i n  t h e  P a c i f i c  Time Zone. 

To summarize our d i scuss ion  thus  f a r ,  a 
person who wants t o  c a l i b r a t e  an o s c i l l a t o r  
can use t h e  t e l e v i s i o n  network c o l o r  
subca r r i e r  t o  do so. Th is  i s  p o s s i b l e  because 
NBS checks the  network f requenc ies  and pub- 
l i s h e s  t h e  " o f f s e t "  ( o r  e r r o r )  o f  t h e  network 
o s c i l l a t o r s  w i t h  respec t  t o  t h e  NBS standard. 
A user would know two th ings :  (1) t h e  d i f f e r -  
ence between h i s  o s c i l l a t o r  and t h e  network 
o s c i l l a t o r  (by measurement), and (2) t he  d i f -  
fe rence between t h e  network and NBS (by pub- 
l i c a t i o n ) .  Wi th  t h i s  i n fo rma t ion ,  he can com- 
pu te  t h e  d i f f e r e n c e  between h i s  o s c i l l a t o r  and 
NBS. Thus, h i s  c a l i b r a t i o n  i s  t raceab le  t o  
NBS. 

So f a r ,  we have t a l k e d  mos t l y  about 
h i g h - q u a l i t y  o s c i l l a t o r s .  TV s i g n a l s  a re  
e q u a l l y  good f o r  c a l i b r a t i o n  o f  l o w - q u a l i t y  
o s c i l l a t o r s .  I n  f a c t ,  w i t h o u t  even l o o k i n g  a t  
t h e  NBS c a l i b r a t i o n  data,  you can depend on 
t h e  c o l o r  s i g n a l  f rom any TV s t a t i o n  t o  be i n  
e r r o r  by l e s s  than 3 p a r t s  p e r  m i l l i o n ,  even 
i f  i t  i s  n o t  showing a network program. The 
FCC requ i res  t h i s  accuracy f rom a l l  s t a t i o n s .  

7.3 HOW RELATIVE FREQUENCY IS MEASURED 

The f o l l o w i n g  sec t ions  w i l l  d iscuss  how 
ins t ruments  can be cons t ruc ted  t o  per fo rm TV 
frequency c a l i b r a t i o n s .  To have a bas i s  f o r  
d i scuss ing  ac tua l  i ns t rumen ta t i on ,  two NBS- 
designed ins t ruments  a re  descr ibed. Commer- 
c i a l  equipment i s  based on s i m i l a r  p r i n c i p l e s .  
For  exac t  i n f o r m a t i o n  on a p a r t i c u l a r  i n s t r u -  
ment, t h e  manufacturers '  manuals should be 
consu l ted .  

Two s i g n a l s  a re  i n v o l v e d  i n  our  measure- 
ment. One i s  t h e  c a l i b r a t e d  3.58 MHz s i g n a l  
from t h e  network v i a  a c o l o r  TV rece ive r .  The 
o the r  i s  a 3.58 MHz s igna l  t h a t  we have gener- 
a ted  from our  own o s c i l l a t o r .  These two 
s i g n a l s  w i l l  be phase compared and t h e  ou tpu t  
f rom t h e  comparator used as an i n d i c a t o r  t o  
c a l i b r a t e  our  o s c i l l a t o r .  When you mix two 
s i g n a l s  and ge t  t h e i r  d i f f e r e n c e  frequency, i t  
i s  c a l l e d  a beat  note. For a v i o l i n  o r  p iano,  
t h e  bea t  no te  i s  o f t e n  a few he r t z .  But  f o r  
ou r  o s c i l l a t o r  i t  i s  much lower i n  frequency. 
I n  f a c t ,  i t  u s u a l l y  takes about 10 seconds f o r  

one bea t  no te  t o  occur.  Because o f  t h i s ,  we 
s imp ly  t ime  t h e  p e r i o d  o f  t h e  beat  note t o  g e t  
t h e  i n f o r m a t i o n  we need t o  make a c a l i b r a t i o n .  
By measuring the  t ime o f  t he  beat  note pe r iod ,  
we increase our  measurement accuracy. 

Wi th  some simple math, we can see how 
t ime  measurements can be used f o r  f requency 
c a l i b r a t i o n s .  We w i l l  f i n d  t h e  l e n g t h  ( i n  
t ime)  o f  our  s igna ls ,  n o t i c e  how f a s t  they  are  
moving, and then so lve  f o r  t he  p e r i o d  o f  t h e  
bea t  note t h a t  r e s u l t s .  

Now, f o r  our  3.58 MHz s i g n a l ,  t h e  p e r i o d  
i s :  

A t  = 1 = -__ - - 27936 x seconds 
f 3.58 MHz 

Th is  t e l l s  us how f a r  e i t h e r  o f  our  s i g n a l s  
has t o  move i n  t ime o r  phase t o  g e t  one c y c l e  
o f  t h e  beat  note. I f  we know how long  i t  
takes, we can so l ve  f o r  t h e  o f f s e t .  Reca l l  
t h a t  r e l a t i v e  f requency i s  s imp ly  the  numeri- 
c a l  r a t i o  o f  two f requenc ies .  It can be ob- 
t a i n e d  by t h e  nex t  equat ion  (see Chapter 3). 

af = - = HOW MUCH I T  MOVES 

f T HOW LONG I T  TAKES 

- - 1 P E R I O D  OF THE 3.58 MHz 
1 PERIOD OF BEAT NOTE 

We know t h a t  A f / f  f o r  t h e  U.S.  TV networks i s  
nominal l y  -3000 x 10- l1,  so we can rear range 
t h e  equat ion  t o  see how long  a bea t  no te  w i l l  
take. 

T = - -  A t  - 27936 x 
A f  -11 - (7) 3000 x 10 

= 9.31 SECONDS AS THE 
P E R I O D  OF THE BEAT NOTE 

Th is  means t h a t  i f  t h e  r e l a t i v e  f requency o f  
t h e  network c o l o r  s igna l  were e x a c t l y  -3000 x 
10-l1,  as i s  t h e  case w i t h  ABC, t h e  network 
3.58 s igna l  would change one c y c l e  w i t h  re -  
spect t o  an NBS-control led 3.58 MHz o s c i l l a t o r  
i n  9.31 seconds. We now have our  t ime  
measurement scheme. 

For example, i f  t h e  network r e l a t i v e  f r e -  
quency were repo r ted  as -3010 x 10-l1, t h e  
p e r i o d  o f  t h e  bea t  note would be shortened t o :  
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T =  27936 lo-'' = 9.28 seconds. 
3010 x 

L e t ' s  l o o k  a t  t h i s  example more c l o s e l y .  
A network f requency change o f  10 p a r t s  i n  lo1 '  
r e s u l t e d  i n  a bea t  no te  p e r i o d  change of 
9.31 - 9.28 = 0.03 second. So, i f  our  t i m i n g  
measurement i s  i n  e r r o r  by 0.03 second, t h e  
f requency measurement w i l l  be i n  e r r o r  by 10 
p a r t s  i n  l o l l .  Th i s  t e l l s  us haw w e l l  our  
t ime  measurement scheme w i l l  work. An e r r o r  
o f  0.03 second i s  n o t  very  l i k e l y  w i t h  t h e  
e l e c t r o n i c  devices a v a i l a b l e  today. Even 
stopwatches w i l l  be use fu l  t o  us. We w i l l  now 
examine some methods o f  implementing t h e  bea t  
no te  p e r i o d  measurement as used i n  t h e  
equipment designed by NBS. 

7 .3 .1  COLOR BAR COMPARATOR 

One simple method devised by NBS t o  com- 
pare a l o c a l  f requency source w i t h  t h e  network 
o s c i l l a t o r s  i s  t o  use a c o l o r  ba r  comparator. 
Th i s  i s  a smal l ,  low-cost c i r c u i t  t h a t  can be 
added t o  any c o l o r  TV rece ive r .  It i s  shown 
i n  b l o c k  form and schemat ica l l y .  

As shown on t h e  b l o c k  diagram, t h e  c i r -  
c u i t  connects o n l y  t o  t h e  TV r e c e i v e r  antenna 
te rm ina ls .  However, b e t t e r  r e s u l t s  can be 
ob ta ined i f  t h e  r e c e i v e r  i s  mod i f i ed  w i t h  an 
i n p u t  connector t h a t  feeds t h e  c o l o r  b a r  
s i g n a l  d i r e c t l y  t o  the  c o l o r  p rocess ing  
(Chroma) c i r c u i t  i n  t he  se t .  Th i s  m o d i f i -  
c a t i o n  does n o t  a f f e c t  normal ope ra t i on  o f  t h e  
rece ive r .  

A schematic o f  t h e  NBS c o l o r  ba r  com- 
p a r a t o r  i s  i nc luded  so t h a t  t h e  c i r c u i t  can be 
cons t ruc ted  and used. N o t i c e  t h e  i n p u t  j a c k  
J1 on t h e  l e f t .  It accepts t h e  l o c a l  f r e -  
quency source a t  a f requency o f  10 MHz o r  a t  
an i n t e g e r  submul t ip le ;  t h a t  i s ,  10 MHz 
d i v i d e d  by  "N," where N = 1 ,  2, 3 ....up t o  
100. Th is  l e t s  you compare frequency sources 
o f  many d i f f e r e n t  f requenc ies  i f  you wish--one 
a t  a t ime,  o f  course. 

Two op t ions  a re  shown on t h e  schematic: 
t h e  antenna TV i n t e r f a c e  c i r c u i t  and a l s o  a 
v ideo TV i n t e r f a c e  c i r c u i t  f o r  one model o f  
rece ive r .  No ma t te r  how t h e  s i g n a l  ge ts  i n t o  
t h e  r e c e i v e r ,  i t  w i l l  be processed j u s t  as i f  
i t  were normal p i c t u r e  i n fo rma t ion .  The bea t  
o f  t h e  l o c a l  c r y s t a l  o s c i l l a t o r  w i t h  t h e  ne t -  
work s i g n a l  forms a v e r t i c a l  "rainbow" bar .  
The c o l o r  o f  t h e  ba r  changes across t h e  w i d t h  
o f  t h e  ba r  as the  o s c i l l a t o r  be ing  c a l i b r a t e d  
changes w i t h  respec t  t o  t h e  network o s c i l -  
l a t o r .  The measurement c o n s i s t s  o f  us ing  a 
stopwatch t o  measure huw l o n g  i t  takes  t h i s  
c o l o r  change t o  occur. The stopwatch read ing  
i s  equal t o  t h e  p e r i o d  o f  t h e  bea t  note. 

To use t h e  c o l o r  ba r  system f o r  o s c i l -  
l a t o r  c a l i b r a t i o n ,  tune t h e  r e c e i v e r  t o  a ne t -  
work c o l o r  program, and s e t  t h e  o s c i l l a t o r  t o  
be c a l i b r a t e d  so t h a t  t h e  rainbow appears t o  
move across t h e  b a r  f rom r i g h t  t o  l e f t  th rough 
a complete c o l o r  c y c l e  ( f rom r e d  t o  green t o  
b l u e  and back t o  red)  i n  about 10 seconds. 
The c o l o r  ba r  i t s e l f  moves s l o w l y  across t h e  
screen from r i g h t  t o  l e f t .  I f  t h e  frequency 
o f  you r  o s c i l l a t o r  i s  f a r  o f f ,  t h e  c o l o r s  i n  
t h e  rainbow p a t t e r n  w i l l  change ve ry  r a p i d l y  
and t h e  e n t i r e  ba r  w i l l  move r a p i d l y  across 
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AT HORIZONTAL RATE 

I 
L 7 - n  

F I G U R E  7.3. B L O C K  D I A G R A M  O F  COLOR BAR COMPARATOR. 
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t he  screen i n  t h e  d i r e c t i o n  o f  t he  c o l o r  
changes. The ba r  can be p o s i t i o n e d  t o  t h e  
middle o f  the screen by the  pushbutton l abe led  
"Hor i zon ta l  Sync Phasing." 

Wi th  t h e  rainbow repea t ing  c o l o r s  i n  
about 10 seconds, c a r e f u l l y  a d j u s t  t h e  c r y s t a l  
o s c i l l a t o r  u n t i l  t he  p e r i o d  i s :  

seconds. 27936 x T =  
NBS DATA FOR NETWORK BEING VIEWED 

I f  p o s s i b l e ,  check more than one network 
t o  increase t h e  conf idence i n  c a l i b r a t i o n .  
Also,  by measuring over t e n  beat  note pe r iods ,  
t h e  e f f e c t  o f  r e a c t i o n  t ime w i t h  t h e  stopwatch 
w i l l  be reduced. Recal l  t h a t  f o r  1 pe r iod ,  an 
e r r o r  o f  0.03 second corresponds t o  a f r e -  
quency e r r o r  o f  10 p a r t s  i n  lo1'. F o r  t e n  
pe r iods ,  a measurement e r r o r  o f  0.03 second 
w i l l  r e s u l t  i n  a f requency e r r o r  o f  1 p a r t  i n  
1011. 

As mentioned be fo re ,  t he  rainbow w i l l  be 
o f  h ighe r  q u a l i t y  i f  the  s i g n a l  i s  connected 
i n t o  the  r e c e i v e r  as a v ideo s i g n a l .  The 
improvement i s  due t o  the  f a c t  t h a t  antenna 
i n j e c t i o n  a l s o  modulates the  rece ived  audio 
c a r r i e r .  Th is  r e s u l t s  i n  a v i s i b l e  beat  note 
t h a t  c o n s t a n t l y  changes w i t h  the  audio con ten t  
o f  t h e  program. The o t h e r  example c i r c u i t  
shown connects t h e  s i g n a l  d i r e c t l y  i n t o  t h e  
Chroma bandpass a m p l i f i e r .  The rainbow i s  
then n e a r l y  p e r f e c t .  

7.3.2 THE NBS SYSTEM 358 FREQUENCY 

MEASUREMENT COMPUTER 

F o r  those users who r e q u i r e  accurac ies 
approaching 1 p a r t  i n  l o l l ,  another c a l i -  
b r a t i o n  method i s  a v a i l a b l e .  The system 358 
Frequency Measurement Computer (FMC) computes 
and d i s p l a y s  the  o s c i l l a t o r ' s  r e l a t i v e  f r e -  
quency d i r e c t l y  on the  TV screen. The user  
s imply  t u r n s  on t h e  u n i t  and w a i t s  f o r  15 
minutes.  He then comes back, reads o f f  10 
values, and averages them t o  o b t a i n  t h e  

r e s u l t .  Other vers ions o f  t h e  FMC a re  commer- 
c i a l l y  a v a i l a b l e  t h a t  use a separate d i g i t a l  
d i s p l a y  r a t h e r  than t h e  TV screen. 

The FMC a u t o m a t i c a l l y  performs the  
opera t i on  o f  measuring t h e  p e r i o d  o f  t he  3.58 
MHz beat  note "T," computing A t / T ,  s c a l i n g  t h e  
r e s u l t  f o r  readout i n  p a r t s  i n  l o l l ,  and d i s -  
p l a y i n g  t h e  one- and ten -pe r iod  averages on 
t h e  TV screen. Readout , is  a s e r i e s  o f  4 - d i g i t  
numbers, rep resen t ing  t h e  re1  a t i  ve f requency 
between t h e  o s c i  1 l a t o r  be ing  c a l  i b r a t e d  and 
t h e  a t o m i c a l l y - c o n t r o l l e d  c o l o r  s u b c a r r i e r .  By 
r e f e r r i n g  t o  network data pub l i shed  monthly i n  
the  NBS Time and Frequency B u l l e t i n ,  a user  o f  
t he  FMC can s e t  h i s  o s c i l l a t o r  t o  agree w i t h  
the  NBS s tandard t o  b e t t e r  than 1 p a r t  i n  1O1O 
i n  f i v e  minutes and 3 p a r t s  i n  10 l1  i n  f i f t e e n  
minutes. Radio methods o f  c a l i b r a t i n g  o s c i l -  
l a t o r s  t raceab le  t o  NBS r e q u i r e  severa l  days 
o f  "averaging" t o  achieve t h i s  r e s o l u t i o n .  
Measurement u n c e r t a i n t i e s  as a f u n c t i o n  o f  
averaging t ime  t h a t  may reasonably be expected 
are:  

AVERAGING TIME MEASUREMENT UNCERTAINTY 

10 seconds 3 x 

100 seconds 6 x 10 - l '  

15 minutes 2 x 10 - l1  
30 minutes 1.5 x 

When making network f requency com- 
par isons,  t h e  FMC w i l l  a l s o  accept as i n p u t  
any o s c i l l a t o r  whose frequency i s  10/N MHz, 
where "N" i s  any i n t e g e r  f rom 1 t o  100. The 
h ighes t  a v a i l a b l e  f requency should be used 
when t h e r e  i s  a choice.  

The FMC c o n s i s t s  o f  a 5- inch c o l o r  TV r e -  
c e i v e r  w i t h  an a d d i t i o n a l  e l e c t r o n i c s  package 
mounted t o  i t s  base. Readout f o r  t h e  FMC i s  
on t h e  TV screen, w i t h  two columns o f  t e n  
4 - d i g i t  numbers, and an a d d i t i o n a l  analog 
"phase cursor .  I' 

A. B lock Diagram Overview 

The FMC i s  d i v i d e d  i n t o  f o u r  main func- 
t i o n a l  p a r t s :  r e l a t i v e  f requency s c a l e r ;  beat  
note phase comparator and cu rso r  generator ;  
data s t o r e  and d i s p l a y ;  and r e l a t i v e  frequency 
generator .  I n  t h i s  sec t i on ,  t h e  t e r m  " o f f s e t "  
i s  used in terchangeably  w i t h  " r e l a t i v e  f r e -  
quency. I' 

1. R e l a t i v e  Frequency Scaler .  The r e l a -  
t i v e  f requency o r  o f f s e t  s c a l e r  processes the  
beat  note and 3.58 MHz s i g n a l s  t o  generate an 
ou tpu t  count p r o p o r t i o n a l  t o  r e l a t i v e  f r e -  
quency x 10- l1.  Th is  ou tpu t  count i s  a p p l i e d  
d i r e c t l y  t o  t he  s i n g l e - p e r i o d  4 - d i g i t  counter.  
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FIGURE 7.5. THE NBS PROTOTYPE, SYSTEM 358 FREQUENCY MEASUREMENT COMPUTER. 

FIGURE 7.6.  BLOCK DIAGRAM, SYSTEM 358 FREQUENCY MEASUREMENT COMPUTER. 
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A new measurement i s  s t o r e d  i n  the  6 x 40 
s i n g l e - p e r i o d  s h i f t  r e g i s t e r  (SR) f o r  readout.  
The ou tpu t  count o f  t h e  s c a l e r  i s  a l s o  a p p l i e d  
t o  the  4 - d i g i t  t en -pe r iod  counter  through an 
i n h i b i t  gate and a t 10 p resca le r .  The 
ten -pe r iod  counter  t h e r e f o r e  accumulates 1/10 
o f  i t s  t o t a l  count on each s i n g l e - p e r i o d  
measurement. 

Theory o f  t he  Scaler .  The s c a l e r  
acceots the  beat  note and the  c o l o r  s u b c a r r i e r  
f requency, fl, from t h e  TV. The v a r i a b l e  
d i v i d e r  generates ou tpu t  pu lses a t  t h e  r a t e  R 
= A f  x l o 4 ;  t h a t  i s ,  10,000 t imes the  bea t  
note frequency. These r a t e  pu lses are gated 
on f o r  a t ime  equal t o  107/fl. The count  out -  
p u t  t o  the  data s t o r e  counters  i s  t h e r e f o r e :  

4 l o 7 )  af x i o l 1  (count = R x TG = A f  x i o  x - . 
fl f 

The o b j e c t i v e  i s  t o  o b t a i n  a reading on a 
4 - d i g i t  counter  a t  t he  ou tpu t  such t h a t  each 
accumulated count  i s  equal t o  1 p a r t  i n  lo1, 
r e l a t i v e  f requency between f ,  and f2. We can 
v e r i f y  t h a t  t h i s  has been accomplished by the  
f o l l o w i n g  ana lys i s .  F i r s t ,  r e l a t i v e  f requency 
i s  de f i ned  as: 

f1 - f2  - A f  RELATIVE FREQUENCY = OFFSET = - - - . 
fl 

The bea t  note comparator generates fl - f ?  = 
A f .  The bea t  note f requency, A f ,  i s  a p p l i e d  
as a s t a r t - s t o p  gate t o  t h e  p e r i o d  counter ,  
"P."  The t o t a l  count accumulated i n  "P" i n  
one c y c l e  o f  A f  can be expressed as: 

fl 
II II  - P -  

A f  

For each c y c l e  o f  A f ,  t h e  p e r i o d  count i s  
l a t c h e d  and a p p l i e d  t o  t h e  r a t e  generator ,  
where t h e  ou tpu t  r a t e  i s  

The r a t e  o f  ou tpu t  pu lses from 
i s :  

. -  

A f  

d i v i d e r  ( + P I  

A f  x l o 4  . 

Th is  r a t e  ou tpu t  i s  accumulated i n  the  4 - d i g i t  
counter  f o r  a p e r i o d  o f  t ime  determined by 
t ime  gate,  TG, which enables the  "and" gate 
preceding t h e  counter.  The t o t a l  ou tpu t  count  
f o r  each measurement c y c l e  can be expressed 
as : 

OUTPUT COUNT = R x TG 

Therefore,  i f  A f / f l  = 3000 x 10- l1 ,  t h e  ou tpu t  
count accumulated w i  11 be 

nf x 10" = [3000 x lo - " ]  x 10 11 

fl 

= 3000 x 10' = 3000 counts.  

The s c a l i n g  f a c t o r  f o r  t he  ou tpu t  i s  t h e  
product  o f  t he  lo4  d i v i d e r  and l o 7  t ime gate.  
These two f a c t o r s  may be p a r t i t i o n e d  i n  o the r  
ways-- for  example, l o 5  and l o 6  o r  l o 3  and l o 8 ;  
however, t h e  p a r t i t i o n i n g  used here i s  optimum 
f o r  t he  nominal 3000 p a r t s  i n  1 0 l 1  o f f s e t  t o  
be measured. 

Wi th t h e  p a r t i o n i n g  used and an o f f s e t  o f  
3000 p a r t s  i n  lo", t he  p e r i o d  count w i l l  be 
3,333 and the  t ime  gate,  TG, w i l l  be on f o r  
0.3 o f  t he  beat  note pe r iod .  The maximum 
o f f s e t  t h a t  can be measured i s  10,000 p a r t s  i n  
l o l l ,  i n  which case the  t i m e  gate i s  on con- 
t i n u o u s l y ,  and s imul taneously ,  t he  4 - d i g i t  
counter  over f lows.  The minimum o f f s e t  t h a t  
can be measured i s  determined by ove r f l ow  o f  
t he  1 6 - b i t  p e r i o d  counter ,  P. Th is  occurs a t  
an o f f s e t  o f  approx imate ly  150 p a r t s  i n  l o l l .  

N e i t h e r  the  3.58 MHz c o l o r  s u b c a r r i e r  nor 
the  10/N MHz i n p u t  t o  be compared w i t h  i t  has 
been mentioned i n  t h e  preceding d iscuss ion.  
Normal ly,  fl i s  t he  3.58 MHz i n p u t  and f 2  i s  
t h e  harmonica l ly  r e l a t e d  10/N MHz i n p u t .  How- 
ever,  t he  u n i t  w i l l  work e q u a l l y  w e l l  w i t h  any 
frequencies t h a t  have harmoni c a l  l y  re1  a ted  
o f f s e t s  i n  the  range o f  150 t o  10,000 p a r t s  i n  
101'. 

2. Beat Note Phase Comparator and Phase 
Cursor Generator. The phase comparator sec- 
t i o n  compares the  phase o f  each 126th c y c l e  o f  
3.58 MHz from t h e  TV r e c e i v e r  w i t h  each 176th 
c y c l e  o f  t he  "A"  i n p u t .  Th is  c i r c u i t  performs 
the  same harmonic synthes is  f u n c t i o n  as the  
network o s c i l l a t o r s  which generate 3.579545454 
. . . MHz by t a k i n g  63/88 x 5 MHz. The analog 
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v o l t a g e  r e s u l t i n g  from t h i s  phase comparison 
i s  s t o r e d  i n  a sample-and-hold i n t e g r a t o r .  
The  analog " b e a t  note" i s  f u r t h e r  processed 
through two p a t h s ,  t h e  phase c u r s o r  path f o r  a 
v i sua l  i n d i c a t i o n  of t h e  b e a t  note  and a 
Schmit t  t r i g g e r  t o  condi t ion  t h e  s i g n a l  f o r  
the TTL o f f s e t  s c a l e r  input .  

111111111) 

r 
I 

2999 
3000 
3000 
3005 
3000 
3000 
3000 
2975 
3000 
3000 

eXI 3000 

3. Data S t o r e  and Display.  The gated 
frequency from the o f f s e t  s c l e r  i s  accumulated 
i n  the two 4 - d i g i t  counters  i n  t h e  d a t a  
s tore-and-d isp lay  s e c t i o n .  A f t e r  each bea t  
note  measurement c y c l e ,  t h e  s i n g l e - p e r i o d  
counter  i s  gated on f o r  2 .79  seconds. The 
accumulated s i n g l e - p e r i o d  count  i s  then dumped 
t o  t h e  s ing le-per iod  s t o r e  f o r  readout .  The 
10-period 4 - d i g i t  counter  i s  preceded by a t 1 0  
so on each s i n g l e - p e r i o d  average ,  i t  accumu- 
l a t e s  1/10 of i t s  t o t a l  count .  A t  the  end of 
t e n  1-per iod averages ,  t h e  10-period counter  
c o n t e n t s  a r e  dumped t o  t h e  10-period s t o r e  f o r  
readout .  

T h e  readout  d a t a  a r e  presented  a s  two 
columns of ten 4 - d i g i t  numbers. The l e f t  
column r e p r e s e n t s  s ing le-per iod  o f f s e t  read- 
o u t s  and the r i g h t  column r e p r e s e n t s  ten-  
per iod  o f f s e t  readouts .  To s t a r t  a measure- 
ment sequence,  t h e  user  pushes t h e  reset 
but ton.  All readouts  a r e  r e s e t  t o  zero  and 
t h e  t o p  4 d i g i t s  i n  each column a r e  in ten-  
s i f i e d ,  i n d i c a t i n g  t h a t  d a t a  w i l l  be loaded i n  
t h e s e  p o s i t i o n s .  

A t  t h e  end of approximately 13 seconds,  
the f i r s t  s ing le-per iod  measurement i s  com- 

p l e t e d  and t h e  da ta  a re  loaded i n t o  t h e  top  4 
d i g i t s  i n  t h e  l e f t  column. The second 4 
d i g i t s  i n  t h e  l e f t  column w i l l  now be in ten-  
s i f i e d .  On each fol lowing 10-second i n t e r v a l ,  
d a t a  a r e  loaded i n t o  succeeding p o s i t i o n s  i n  
t h e  l e f t  column u n t i l  t e n  s ingle-per iod  
averages have been accumulated. A t  t h i s  t i m e ,  
t h e  10 s ingle-per iod  measurements a r e  averaged 
and then loaded i n t o  t h e  t o p  4 d i g i t s  of the 
r ight-hand column. This  process  cont inues  
u n t i l  a l l  10-period averages have been loaded.  

Two o p e r a t o r  a i d s  a r e  included i n  t h i s  
NBS equipment. I f  a l a r g e  phase jump occurs  
a t  any t ime i n  t h e  sequence,  t h e  corresponding 
s ingle-per iod  o f f s e t  w i l l  be read o u t ,  b u t  
t h a t  measurement w i l l  not  be incorpora ted  i n t o  
the 10-period average. On the next  measure- 
ment c y c l e ,  t h a t  s i n g l e - p e r i o d  average w i l l  b e  
r e w r i t t e n  and t h e  count  incremented. The TV 
speaker  "beeps" a s  a reminder t o  t h e  o p e r a t o r  
each t ime a measurement i s  completed. 

B.  Use of FMC with Unstable 
Crystal  Osci 1 l a t o r s  

The FMC i s  p r i m a r i l y  intended t o  c a l i -  
b r a t e  w i t h  s t a b i l i t y  of b e t t e r  than 1 p a r t  i n  
l o 7  per  day. In f a c t ,  i f  t h e  o s c i l l a t o r  being 
c a l i b r a t e d  w i l l  not  hold s t i l l  t o  b e t t e r  than 
1 p a r t  i n  l o 7  (+ 10,000 p a r t s  i n  l o l l ) ,  t h e  
d i g i t a l  readout  cannot  be used. About t h e  
b e s t  one can do with a r e a l l y  poor-qual i ty  
o s c i l l a t o r  i s  make t h e  c u r s o r  "s tand  s t i l l "  
momentarily. 

I f  t h e  c u r s o r  moves l e s s  than one c y c l e  
each t h r e e  seconds,  then t h e  o s c i l l a t o r  i s  
wi th in  1 p a r t  i n  l o 7  of the c o l o r  s u b c a r r i e r .  
By switching between networks, one can o b t a i n  
a "concensus;" however, t h e r e  i s  no way t o  
r e a l l y  v e r i f y  i f  t h e  s u b c a r r i e r  i s  o r i g i n a t i n g  
from a network, a s  can be done by checking a 
good o s c i  11 a t o r .  

The FCC r e q u i r e s  a l l  s t a t i o n s  t o  maintain 
3.5795454545 ... MHz f 10 Hz on their  sub- 
c a r r i e r s ,  so by comparing w i t h  severa l  s t a -  
t i o n s ,  one i s  assured  o f  being wi th in  3 p a r t s  
i n  lo6.  I f  the o s c i l l a t o r  being c a l i b r a t e d  i s  
s t a b l e  t o  0.001% (1 p a r t  i n  l o 5 ) ,  i t  i s  c l o s e  
enough. 

7 . 4  GETTING GOOD TV CALIBRATIONS 

Although t h e  frequency c a l i b r a t i o n  
s e r v i c e  using TV reduces t h e  l a b o r  of c a l i -  
b r a t i n g  an o s c i l l a t o r ,  i t  does not  r e l i e v e  the 
user of t h e  r e s p o n s i b i l i t y  of v e r i f y i n g  t h a t  
"good" d a t a  a r e  a c t u a l l y  being processed.  The 
user must be sure t h a t  t h e  s t a t i o n  being used 
i s  a c t u a l l y  t r a n s m i t t i n g  network-originated 
programs. (See Sec t ion  7 . 5 ) .  
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A t  t h e  p resen t  t ime,  da ta  f o r  t h r e e  ne t -  
works a r e  a v a i l a b l e  f rom NBS. The e a s i e s t  
t h i n g  t o  do i s  t o  take  successive readings, i f  
poss ib le ,  on a l l  t h r e e  networks f o r  1.5 
minutes each and v e r i f y  t h a t  they  d i f f e r  r e l a -  
t i v e  t o  each o t h e r  by approximately t h e  co r -  
r e c t  amount. Nominal ly,  ABC operates a t  ex- 
a c t l y  -3000 p a r t s  i n  l o l l .  

Assume r e l a t i v e  f requency read ings  were 
taken w i t h  t h e  f o l l o w i n g  c o r r e c t  r e s u l t s :  

FABC = -3131 x 

FNBC = -3150 x l o W 1 '  

FCBS = -3130 x 

The readings a re  c o n s i s t e n t  f rom one network 
t o  another.  I f  one o f  t h e  t h r e e  had d i f f e r e d  
r a d i c a l l y  from i t s  c o r r e c t  r e l a t i v e  va lue ,  we 
cou ld  assume t h a t  t h e  s t a t i o n  i n v o l v e d  was on 
l o c a l  programming. For example, i f  t h e  
read ing  f o r  NBC were -2460, then t h e  NBC s ta -  
t i o n  would n o t  be used a t  t h a t  t ime. 

Measurements must be made only when 
ne twork -o r ig i  nated programs a re  on t h e  a i r .  
Network s t a t i o n s  i n  t h e  Eastern,  Cen t ra l ,  and 
P a c i f i c  t ime  zones t y p i c a l l y  c a r r y  10 t o  14 
hours o f  ne twork -o r ig i  nated programs pe r  day. 
The Mountain t ime  zone c a r r i e s  about f o u r  
hours p e r  day. 

It should be noted t h a t  network- 
o r i g i n a t e d  programs a re  n o t  necessa r i l y  "1 i v e "  
programs (such as f o o t b a l l  o r  baske tba l l  
games). It s imp ly  means t h a t  t h e  programs a re  
o r i g i n a t e d  from the  network cen te rs  i n  e i t h e r  
Los Angeles o r  New York City and a re  n o t  tape 
delayed by the  l o c a l  s t a t i o n s .  Programs 
o r i g i n a t i n g  a t  t h e  l o c a l  s t a t i o n s  (such as t h e  
channel 7 news as opposed t o  CBS Evening News) 
cannot be used. 

The b e s t  choices are  t h e  daytime soap op- 
eras and qu iz  shows. These u s u a l l y  a re  d a i l y  
programs and o r i g i n a t e  f rom t h e  New York and/ 
o r  Los Angeles network centers .  Weekly even- 
i n g  programs a re  usual l y  ne twork -o r ig ina ted  
except i n  t h e  Mountain Time Zone. Once t h e  
programming schedule i n  any g i ven  c i t y  i s  
i d e n t i f i e d ,  a l o g  can be made t o  i n d i c a t e  when 
measurements can be made. There i s ,  however, 
one f u r t h e r  word o f  cau t i on  (see below). 

7.5 THE DIGITAL FRAME SYNCHRONIZER 

Some l o c a l  s t a t i o n s  a r e  now us ing  d i g i t a l  
frame synchronizers on t h e i r  incoming network 

l i n e s .  Th is  i s  t r u e  o f  t h e  ABC s t a t i o n s  i n  
t h e  San Franc isco  and Chicago areas, which 
p rov ide  network feeds t o  o t h e r  l o c a l  s t a t i o n s  
i n  t h e  area, as w e l l  as many o t h e r  l o c a l  s ta -  
t i o n s  th roughout  t h e  count ry .  

The frame sy l i chron izer  s to res  one com- 
p l e t e  TV frame (1/30 second) i n  d i g i t a l  memory 
and "reads" t h e  TV p i c t u r e  under c o n t r o l  o f  
t h e  l o c a l  s t a t i o n  sync generator.  Since most 
sync generators a r e  d r i v e n  by  a c r y s t a l  o s c i l -  
l a t o r ,  t h e  c o l o r  s u b c a r r i e r  i s  no longer  r e f -  
erenced t o  t h e  network atomic standard,  and 
t h e  s i g n a l s  cannot be used f o r  f requency c a l i -  
b r a t i  on. 

The ABC s t a t i o n s  i n  Los Angeles and New 
York a l s o  use frame synchron izers  on t h e  
incoming network l i n e s ,  b u t  these s t a t i o n s  a r e  
co- loca ted  w i t h  t h e  network s tud ios  and use 
t h e  network cesium standards f o r  t h e i r  3.58 
MHz re fe rence.  Therefore,  WABC and KABC s t i l l  
p rov ide  s t a b l e  f requency re fe rences  and can be 
used f o r  f requency t r a n s f e r  measurements. 

I n  1978, a ques t i onna i re  was sent  t o  a l l  
n e t w o r k - a f f i l i a t e d  TV s t a t i o n s  t o  determine 
which ones a re  us ing  o r  p l a n  t o  use frame syn- 
chron izers .  The r e s u l t s  o f  t h i s  survey a r e  
a v a i l a b l e  upon request  f rom t h e  Time and Fre- 
quency Services Group, Na t iona l  Bureau o f  
Standards, Boulder,  CO 80303. 

A t  p resent ,  o n l y  a few o f  t h e  l a r g e s t  TV 
s t a t i o n s  have two o r  more frame synchronizers.  
The sma l le r  s t a t i o n s  t h a t  have a s i n g l e  frame 
synchron izer  w i l l  use i t  f o r  t h e i r  " e l e c t r o n i c  
news," n o t  t o  hang across t h e  incoming network 
l i n e .  O f  course, t h i s  s i t u a t i o n  may change i n  
f i v e  years  i f  t h e  p r i c e  o f  synchron izers  
drops. 

I f  you a r e  us ing  t h e  TV networks f o r  
f requency t r a n s f e r ,  t h e  b e s t  p recau t ion  i s  
s imp ly  t o  use more than one network so t h a t  
da ta  can be v e r i f i e d .  

7.6 USNO TV FREQUENCY CALIBRATION SERVICE 

The USNO a l s o  o f f e r s  a TV frequency c a l i -  
b r a t i o n  s e r v i c e  t o  users who can rece ive  s ta -  
t i o n s  WTTG (Washington, D . C . ) ,  WAPB (Annapo- 
l i s ,  MD), o r  KTTV (Los Angeles, CA). The USNO 
has s t a b i l i z e d  t h e  frequency o f  t h e  cesium 
standards a t  these s t a t i o n s ,  so t h e  s e r v i c e  
i s  somewhat d i f f e r e n t  than t h e  NBS se rv i ce .  
For i n fo rma t ion ,  con tac t  t h e  Time Serv ices  
D i v i s i o n ,  U. S. Naval Observatory, Washington, 
DC 20390. 
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WORKSHEET FOR USE WITH 
COLOR BAR COMPARATOR 

DATE : START T I M E :  

NETWORK 

ENTER 
PUBL I SHED 

COMPUTE 
PERIOD“ I I 

I I I 

STOPWATCH 
TIMES 

AVERAGE : 

COMPUTE 
RELAT l  VE 

FREQUENCY :?* 

27936 ”27936 x IO-’’ = 

,. 

l o - ’ ’  = XXXX SECONDS BEAT 
PUBLISHED DATA xxxxxx NOTE PERIOD. 

.L .L 
,\ ,. 

27936 x IO-’’ = 27936 
MEASURED T I M E  xxxxxx  FREQUENCY OF YOUR 

l o - ’ ’  = XXXXXX RELATIVE 

OSCILLATOR. 

Compare PUBLISHED DATA w i t h  COMPUTED RELATIVE 
FREQUENCY t o  determine d i f f e r e n c e  between your 
o s c i l l a t o r  and the  NBS frequency standard. 

WORKSHEET FOR USE W I T H  
D I G I T A L  OFFSET COMPUTER 

DATE : START T I M E :  

NETWORK 

ENTER 
PUBLISHED 

IO-PER1 OD 
AVERAGES 

100-PERIOD 
AVERAGE I I 
YOUR OSC. 

VS NBS I I 
Compare the 100-period average w i t h  PUBLISHED DATA 
f o r  each network. I f  i t  i s  h igher  than PUBLISHED 
DATA, then the o s c i l l a t o r  be ing c a l i b r a t e d  i s  too  
h i g h  i n  frequency. I f  i t  i s  lower, then the 
o s c i l l a t o r  i s  too low i n  frequency. 

FIGURE 7.7.  SAMPLE WORKSHEETS FOR USING T E L E V I S I O N  SUBCARRIER FOR FREQUENCY TRANSFER. 
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CHAPTER 8. FREQUENCY AND TIME CALIBRATIONS USING TV LINE-10 

The prev ious  chapter  discusses t h e  use o f  t he  TV 
network c o l o r  subca r r i e r  f o r  frequency c a l i b r a t i o n s .  
The t e l e v i s i o n  synchron iza t ion  pu lses  can a l s o  be used 
as a t r a n s f e r  standard f o r  bo th  t ime  and frequency. 

A t e l e v i s i o n  p i c t u r e  i s  made up o f  525 l i n e s  which 
a re  scanned o r  t r a c e d  t o  produce t h e  image you see on 
t h e  screen. F i r s t ,  t h e  odd l i n e s  ( c a l l e d  t h e  odd 
f i e l d )  a re  t raced,  then t h e  even l i n e s  ( t h e  even f i e l d )  
a re  t raced  i n  between t h e  odd. Th is  scanning happens 
so f a s t  (60 t imes a second) t h a t  your  eyes cannot de- 
t e c t  i t  and you have t h e  i l l u s i o n  o f  seeing a 
cont inuous p i c t u r e .  

Line-10 (odd) i s  one o f  t h e  525 l i n e s  t h a t  make 
up each p i c t u r e ;  i t  can be used f o r  bo th  f requency and 
t ime  c a l i b r a t i o n s .  It was chosen because i t  i s  easy 
t o  p i c k  ou t  f rom t h e  r e s t  o f  t h e  l i n e s  w i t h  r e l a t i v e l y  
s imp le  e l e c t r o n i c  c i r c u i t s .  To c a l i b r a t e  an o s c i l l a -  
t o r ,  a c l o c k  pu lse  from t h e  o s c i l l a t o r  i s  compared t o  
t h e  t r a i l i n g  edge o f  t h e  Line-10 (odd) synchron iz ing  
pu lse .  Measurements by users o f  t h i s  se rv i ce ,  made 
w i t h  spec ia l l y -des igned equipment, w i l l  correspond t o  
measurements made a t  NBS a t  t he  same t ime. 

Now t h a t  we know what Line-10 i s ,  l e t ' s  say what 
i t  i s n ' t .  It i s n ' t  t h e  c o l o r  subca r r i e r !  I n  t h e  p re -  
v ious  chapter ,  we discussed us ing  the  c o l o r  subca r r i e r  
as a frequency c a l i b r a t i o n  source. Line-10 has no th ing  
t o  do w i t h  the  c o l o r  subca r r i e r  system. Line-10 works 
w i t h  e i t h e r  c o l o r  o r  b l a c k  and w h i t e  t e l e v i s i o n  se ts .  
Some equipment t h a t  i s  designed f o r  t h e  c o l o r  subcar- 
r i e r  system w i l l  have a Line-10 ou tpu t  pu l se  because 
i t  i s  handy t o  do so, b u t  t h e  techniques i nvo lved  are  
e n t i r e l y  d i f f e r e n t  f o r  t he  two TV-based systems. They 
do have one t h i n g  i n  common, though. A l l  measurements 
us ing  e i t h e r  system must be made on network (major U.S. 
t e l e v i s i o n  networks) programming i f  NBS t r a c e a b i l i t y  
i s  t o  be achieved. I n  a d d i t i o n ,  Line-10 measurements 
must be made a t  e x a c t l y  t h e  same t ime  o f  day t h a t  NBS 
makes i t s  measurements. (Ne i the r  o f  these requirements 
app ly  i f  you are  us ing  Line-10 on a l o c a l  bas i s . )  Th is  
w i l l  be discussed more f u l l y  l a t e r  on. 

F I R S T  THE ODD F I E L D  I S  T R A C E D .  

THEN THE EVEN F I E L D  I S  T R A C E D .  

F I E L D S  C O M B I N E  TO FORM 
COMPLETE P I C T U R E .  

8.1 HOW THE S E R V I C E  WORKS 
10 method i s  used r o u t i n e l y  t o  compare 

Assuming t h a t  you have a TV r e c e i v e r  and 
a Line-10 pu lse  i s  a v a i l a b l e ,  what do you do 
w i t h  i t ?  You can use i t  t o  s e t  your  c l o c k  o r  
t o  measure and/or s e t  t h e  f requency o f  your  
o s c i l l a t o r .  It prov ides  a means o f  checking 
o s c i l l a t o r s  t o  w i t h i n  p a r t s  i n  l o l l ,  b u t  t h e  
o s c i l l a t o r / c l o c k  should be o f  f a i r l y  h i g h  
q u a l i t y  (1  p a r t  i n  l o 8  o r  b e t t e r ) .  

8.1.1 USING LINE-10 ON A LOCAL B A S I S  

To understand how t h e  se rv i ce  works, 
l e t ' s  d iscuss  a r e a l - l i f e  example: The Line- 

t h e  
NBS frequency standard i n  Boulder,  Colorado, 
w i t h  t h e  c locks  a t  r a d i o  s t a t i o n s  WWV and 
WWVB i n  F t .  C o l l i n s ,  Colorado. Both l o c a t i o n s  
a re  w i t h i n  common view of t h e  Denver t e l e v i -  
s i o n  s t a t i o n s .  L e t ' s  assume t h a t  t he  c locks  
i n  Boulder and F t .  C o l l i n s  a re  synchronized. 
Now suppose we measure the  a r r i v a l  t ime  o f  t h e  
TV Line-10 synchron iza t ion  pu lse  a t  Boulder 
( l o c a t i o n  A )  w i t h  respec t  t o  the  NBS standard. 
A s h o r t  t ime l a t e r ,  t h i s  same pu lse  w i l l  
a r r i v e  a t  F t .  C o l l i n s  ( l o c a t i o n  B )  and we can 
measure i t s  a r r i v a l  t ime w i t h  respec t  t o  t h e  
F t .  C o l l i n s  c lock .  Since t h e  c locks  a re  
synchronized, t he  d i f f e r e n c e  i n  t h e  two c l o c k  
readings i s  o n l y  the  d i f f e r e n t i a l  p ropagat ion  
de lay ,  w r i t t e n  tB - tA as shown i n  f i g u r e  8.1. 
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F I G U R E  8.1 D I F F E R E N T I A L  T I M E  
D E L A Y ,  TB - TA. 

We now know the  propagat ion delay between 
Boulder and F t .  C o l l i n s .  I f  we make another 
measurement and f i n d  t h a t  t he  d i f f e r e n c e  i n  
the  t w o  c l o c k  readings i s  n o t  equal t o  t h e  
propagat ion delay,  then t h i s  means t h a t  one o f  
t he  c locks  i s  running f a s t e r  o r  s lower than 
the  o the r .  The discrepancy represents  t h e  
t ime d i f f e r e n c e  between the  c l o c k  a t  
F t .  C o l l i n s  and the  c l o c k  a t  Boulder.  

The same technique can be used by anyone 
who wants t o  t r a n s f e r  t ime and/or frequency 
f r o m  one l o c a t i o n  t o  another.  Th is  works o n l y  
when bo th  l o c a t i o n s  can see the same TV s i g -  
n a l .  An example o f  us ing  t h i s  technique would 
be a f a c t o r y  w i t h  s c a t t e r e d  branches t h a t  
wants t o  c a l i b r a t e  an o s c i l l a t o r  a t  one o f  t he  
branches t h a t  i s  n o t  w i t h i n  cab1 i n g  d i s tance  
o f  t he  main f a c t o r y .  By us ing  two Line-10 
u n i t s ,  t h e  f a c t o r y  and the  branch can bo th  
l ook  a t  a l o c a l  TV s i g n a l  and e f f e c t  t he  
t r a n s f e r .  

V H F  P A T H  

I 1 NBS j ._._-_-- 1 

L O C A L  T R A N S M I S S I O N  O F  
N A T I O N A L  N E T W O R K  P R O G R A M S  

Even i f  you d o n ’ t  know the  propagat ion 
delay,  t he  Line-10 technique can be used t o  
determine t h e  frequency s t a b i l i t y  o f  your  
o s c i l l a t o r  compared t o  another.  Using a 
d i v i d e r ,  s imply  operate your  o s c i l l a t o r  as a 
c lock.  By watch ing the  day-to-day d i f f e r -  
ences, you can t e l l  i f  your  c l o c k  i s  g a i n i n g  
o r  l o s i n g  w i t h  respec t  t o  t he  c l o c k  used f o r  
comparison. 

Note t h a t  such a l o c a l  s i g n a l  can be any 
k i n d  o f  TV s i g n a l ,  n o t  n e c e s s a r i l y  network TV. 
Also,  t he  accuracy o f  t r a n s f e r  us ing  t h i s  
method can be very great .  The NBS l i n k  t o  F t .  
C o l l i n s  t y p i c a l l y  can achieve t e n  nanoseconds 
t ime t r a n s f e r .  Local use o f  L ine-10 i s  a 
cheap way t o  d i s t r i b u t e  f requency and t ime a t  
h igh  accuracy l e v e l s .  

8.1.2 USING LINE-10 FOR NBS TRACEABILITY 

I n  f i g u r e  8.1,  we assumed t h a t  bo th  loca-  
t i o n s  were w i t h i n  common view o f  t h e  same 
t e l e v i s i o n  s t a t i o n .  However, i n  a c t u a l  prac-  
t i c e ,  a g i ven  TV program can be observed s i -  
multaneously over a l a r g e  geographical  r e g i o n  
because o f  t h e  TV microwave d i s t r i b u t i o n  net -  
work. F o r  example, t h i s  technique has been 
used t o  compare c locks  i n  the  Boulder and 
Washington, D. C. areas by making simultaneous 
measurements on programs o r i g i n a t i n g  from New 
York City (see f i g u r e  8.2). 

NBS r o u t i n e l y  makes readings on t h e  t h r e e  
major networks on bo th  the  East and West 
Coasts. These data a re  pub l i shed  monthly i n  
t h e  NBS Time and Frequency B u l l e t i n ,  which i s  
a v a i l a b l e  upon request.  A sample page o f  t he  
B u l l e t i n  i s  shown i n  f i g u r e  8.3.  

I f  you want t o  compare your  c l o c k  w i t h  
the  NBS standard,  you must make your  measure- 
ments a t  t h e  same t i m e  as NBS and, i n  addi -  
t i o n ,  t he  measurements must be on programs 

NEW Y O R K  
O R I G I N A T I N G  S T U D I O  

f~ A T O M I C  F R E Q U E N C Y  1 0 - 2  M I C K O W A V E  
R A D I O  L I T 4  

c n N T R o L  

“0) 

L O C A L  T R A N S M I S S I O N  O f  
N A T I O N A L  N E T W O R K  P R O G R A M S  

P O I N T  
C H I C A G O  V H F  P A T H  

L .-_.___ 
M I C R O W A V E  P A T H  F R O M  
N Y C  T O  O E N V L R ,  C O L O .  4 0 0 0 - 6 4 0 0  k m *  
V H F  P A T H  F R O M  D E N V E R  T R A N S M I T T E R  T O  W A S H I N G T O N .  0 C 

A F F I L I A T E  * D E P E N D I N G  ON N E T W O R K  

F I G U R E  8.2 T Y P I C A L  R O U T I N G  OF T V  S I G N A L S  FROM NEW Y O R K  C I T Y  
O R I G I N A T I N G  S T U D I O S  TO D I S T A N T  R E C E I V E R S .  
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EAST COAST 

UTC(NBS) - L I N E  IO (ODD) 
AUG . NBC CBS ABC 

(in microseconds) 

I9 : 25 : 00 19: 3 1 :00 19 : 26 :OO 19: 32 : 00 19:27 : 00 19: 33 :00 

I 
2 15694.75 08672.31 31 093.91 24071 .52 15667.06 08644.55 
3 32005.47 24983.03 14018.02 06995.50 31872.57 24850.06 
4 14949.71 07927.26 30308.97 23286.38 14884.43 07861.91 
5 3 1  260.82 24238.38 13233.12 062 IO. 59 31090.14 24067.63 
6 14205.24 071 82.67 29523.82 22501.28 I401 5.66 06993.12 
7 
8 
9 29771.69 22749.24 11663. IO 04640.50 29525.03 22502.51 

10 12715.81 05693.36 27954.14 2093 1 .62 12450.44 05427.93 
1 1  29026.94 22004.47 10878.29 09855.73 28742.49 21719.93 
12 12058.43 05035.96 27 168,97 20146.43 11667.53 04645.40 
13 28282.51 21 260.09 10093.04 03070.54 27960.03 20937.53 
14 
15 
16 00259.24 26603,42 25598.64 I861 6.28 15259.36 08236.83 
17 16567,44 09542.88 08522.81 01 500.38 31551.45 24529.06 
18 32873.49 25851 .OO 24813.56 17791 .OO 14477.22 07454.66 
I9 15814.94 08792.46 07737.72 00715.15 _- 23746.32 

17006.61 -- 06699.40 

FIGURE 8.3. NBS LINE-10 DATA FROM NBS T I M E  & FREQUENCY BULLETIN. 

o r i g i n a t i n g  from a common source--New York 
City ( f o r  t he  Eastern, Cen t ra l ,  and Mountain 
t ime zones) o r  Los Angeles ( f o r  t he  P a c i f i c  
Time Zone). Cur ren t l y ,  measurements are made 
by NBS on the  East Coast networks a t  the f o l -  
l ow ing  t imes: NBC--2025 and 2031 UTC; CBS-- 
2026 and 2032 UTC; ABC--2027 and 2033 UTC 
(During D a y l i g h t  Saving T i m e ,  t he  measurements 
a re  made beginning a t  1925 UTC.) West Coast 
measurements ( f u r n i s h e d  by the  Hewlett-Packard 
Company i n  Santa Clara,  C a l i f o r n i a )  are made 
a t :  NBC--2125 and 2131 UTC; CBS--2126 and 
2132 UTC; ABC--2127 and 2133 UTC ( a l l  year  
round). 

The measurements a t  NBS a re  made on the  
t r a i l i n g  edge o f  t he  h o r i z o n t a l  Line-10 (odd) 
sync pu lse  which occurs approximately every 
1/30th o f  a second. This  means you must 
a l ready  know your  t ime t o  1/30 o f  a second o r  
b e t t e r  t o  be assured t h a t  you are measuring 
the  same pu lse  t h a t  i s  be ing measured by NBS. 

A l l  o f  t h i s  sounds f a i r l y  s t r a i g h t f o r -  
ward, b u t  i t  i s n ' t  a l l  t h a t  t i d y .  F i r s t  o f  
a l l ,  t he  c a l i b r a t i o n  i s n ' t  a v a i l a b l e  t o  t he  
user  u n t i l  he receives the  data he needs i n  
the  ma i l .  Th is  means t h a t  he must keep care- 
f u l  Line-10 records and w a i t  f o r  t h e  r e s u l t s .  

Meanwhile t h e  c l o c k  must be kept  running so 
t h a t  when the  data a r r i v e  and the  comparison 
i s  made, the  c l o c k  e r r o r  can be determined and 
something done about it. This  means t h a t  t he  
c l o c k  i nvo l ved  must be a p r e t t y  good one. It 
should be as good as 1 p a r t  i n  l o 8  o r  b e t t e r .  
Otherwi se , the  who1 e o p e r a t i  on w i  11 be 1 abor- 
i n t e n s i v e  and the  user w i l l  n o t  be ab le  t o  
p r e d i c t  t he  t ime very w e l l .  N o r  w i l l  he know 
t h e  frequency very accu ra te l y  i f  the  system 
has l a r g e  v a r i a t i o n s .  L ine-10 prov ides a 
means o f  checking o s c i l l a t o r s  t o  w i t h i n  p a r t s  
i n  l o l l ,  b u t  t he  o s c i l l a t o r s  must be o f  h igh  
enough q u a l i t y  t o  deserve t h e  investment o f  
t ime  and e f f o r t .  I f  you need lower accuracy, 
t h e r e  are cheaper ways t h a t  r e q u i r e  l e s s  
e f f o r t .  

8.2 EQUIPMENT NEEDED 

To use the  Line-10 technique, you need a 
b l a c k  and wh i te  o r  c o l o r  TV r e c e i v e r ,  a 
l i n e - 1 0  synchronized pu lse  generator,  a d i g i -  
t a l  c o u n t e r - p r i n t e r ,  and a p r e c i s i o n  c lock.  
Line-10 equipment i s  commercial ly a v a i l a b l e .  
The TV r e c e i v e r  i s  adapted t o  b r i n g  o u t  t he  
composite v ideo s i g n a l  t h a t  connects t o  t he  

147 



1 0  M H z  

UTC ms 
20:35:41 025 
20:35:42 026 
20:35:43 027 
20:35:44 028 
20:35:45 029 
20:35.46 030 

031 
032 
033 
000 
001 
002 
003 
004 

1 - 

vs 
309.93 
309.96 
309.99 
310.02 
310.05 
310.09 
310.11 
310.14 
310.17 
943.53 
943.56 
943.59 
943.62 
943.65 

C L O C K  

L O C A L  T V  
R E C E I V E R  

O U T P U T  F R O M  
1 s t  V I D E O  
A M P L I F I E R  

p p  T V  F R A M E  

m 
*rR;;Li! P E R  S E C  ' ' 

00317817 

L I N E - 1 0  P R E A M P  
P U L S E  G E N E R A T O R  

0030781 6 
T I M E  0 0 2 9 7 8 1 7  
2 0 : 2 5 : 0 0  U T  0 0 2 8 7 8 1 7 \  

T 5000 
IGNAL S I G N A L  

L O C A L  
T R A N S M  

F R O M  
T V  

I T T E R  

- 
FlGURE 8.4 EQUIPMENT NEEDED FOR TV LINE-10 METHOD OF CLOCK SYNCHRONIZATION. 

Line-10 pu lse  generator.  Th is  pu l se  i s  com- 
pared on a t i m e - i n t e r v a l  counter  w i t h  a l o c a l  
one-pulse-per-second c lock .  The d i s p l a y  on 
t h e  counter  ( s t a r t  w i t h  l o c a l  c lock ,  s top  w i t h  
Line-10) w i l l  be a s e r i e s  c.f numbers (see 
f i g u r e  8.4). 

8.3 TV LINE-10 DATA, WHAT DO 

THE NUMBERS MEAN? 

How do we g e t  t h e  numbers and what do 
they  mean? F i r s t  o f  a l l ,  l e t ' s  rev iew t h e  
bas i s  f o r  t h e  f requenc ies  used by commercial 
t e l e v i s i o n  systems i n  t h e  U. S. The FCC 
s p e c i f i e s  t h e  f requency used f o r  t h e  chromi- 
nance s u b c a r r i e r  t o  be 3.5795454 ... MHz It 10 
Hz. The networks g e t  t h i s  number by  t a k i n g  a 
5 MHz o s c i l l a t o r  and m u l t i p l y i n g  i t s  ou tpu t  by  
63 and d i v i d i n g  by 88. Then, t h e  FCC s t a t e s  
t h a t  t h e  h o r i z o n t a l  r a t e  f o r  t h e  p i c t u r e  s h a l l  
be 2/455 o f  t h e  c o l o r  subca r r i e r .  Th i s  i s  
15,7342657 kHz. Next, you  g e t  t h e  v e r t i c a l  
r a t e  by t a k i n g  2/525th o f  t h e  nominal 15.7 
kHz, g i v i n g  a v e r t i c a l  r a t e  o f  59.94 Hz. Bu t  
Line-10, t h e  one we want, o n l y  occurs every  
o t h e r  f i e l d  so i t s  r a t e  i s  h a l f  o f  t he  v e r t i -  
c a l  r a t e ,  o r  29.97 Hz, and has a p e r i o d  o f  
about 33 mill iseconds--33.3666666 . . .  t o  be 
exact.  

Now, i n  our  Line-10 ins t rumen ta t i on  se t -  
up, we s t a r t  ou r  t ime  i n t e r v a l  counter  w i t h  
our  c l o c k  a t  a 1 pps r a t e  and s top  i t  w i t h  t h e  
n e x t  Line-10 pu lse .  A stream o f  Line-10 da ta  
i s  shown i n  f i g u r e  8.5. 

A read ing  occurs each second, each read- 
i n g  be ing  s l i g h t l y  d i f f e r e n t  f rom t h e  one pre-  
ced ing  it. L e t ' s  l o o k  a t  t h a t  d i f f e r e n c e .  
No t i ce  t h e  second and t h i r d  columns which a re  

read ing  m i  11 i seconds. The number inc reases  
p r o g r e s s i v e l y  by 1 m i l l i s e c o n d  p e r  second. 
Th is  i s  because Line-10 occurs a t  a f requency 
r a t e  t h a t  i s  n o t  an i n t e g e r  and appears t o  
d r i f t  r e l a t i v e  t o  our  1 pps. When t h e  count  
approaches 33 m i  11 i seconds t o t a l ,  t h e  t ime  
i n t e r v a l  counter  i s  stopped by t h e  nex t  
Line-10 p u l s e  t h a t  comes a long,  but it must 
always occur be fo re  33 m i l l i s e c o n d s  elapse. 

So i n s t e a d  o f  read ing  t h e  number above 
t h e  double l i n e  p l u s  t h e  1 m i l l i s e c o n d  p e r  
second which would equal 33.3101 + 1.00000 = 
34.3101, i t  must s top  a t  t h e  ve ry  nex t  Line-10 
pu lse  which appeared a t  t h e  counter  s top  i n p u t  
a t  34.3101 - 33.3666 = 0.9435. Th is  i s  what 

NBC LINE-10 (EAST COAST) 
FEBRUARY 11 

L I 

FIGURE 8.5. PRINTOUT OF NBC LINE-10 DATA. 
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AVERAGE RELATIVE FREQUENCY ( i n  p a r t s  i n  1 0 1 1 )  

MEASUREMENT PERIOD E A S T  COAST WEST COAST 

NBC CBS ABC NBC CBS ABC 

-301 2 .3  -3019.8 - -3015.2 2 - 6 FEBRUARY -3019.4 -2963.0 
9 - 13 FEBRUARY -3019.5 -2963.1 -301 2 . 4  -3019.8 - -3015.4 

- 16 - 20 FEBRUARY -3019.6 -2963.2 -3012.7 -3019.8 -3015.7 

FIGURE 8 . 6 .  TELEVISION NETWORK FREQUENCIES RELATIVE TO THE NBS FREQUENCY STANDARD 
AS PUBLISHED I N  THE NBS TIME & FREQUENCY BULLETIN. 

was p r i n t e d  ou t .  The t ime  i n t e r v a l  counter  
cannot ever p r i n t  a number b igge r  than t h e  
p e r i o d  o f  t h e  h ighes t  frequency on t h e  "s top"  
i n p u t .  Not jce ,  too ,  t h a t  t h e  l a s t  column i n  
t h e  da ta  i s  a l s o  changing. The counter-  
p r i n t e r  d i sp lays  0.01 microsecond i n  the  l a s t  
d i g i t  and i s  changing a t  a r a t e  o f  30 nano- 
seconds (0.03 microsecond) pe r  second. 

HOW does t h i s  happen? I n  a d d i t i o n  t o  
ope ra t i ng  a t  a f requency t h a t  i s  a non- in teger ,  
each TV s t a t i o n  w i l l  have an e r r o r  because i t s  
o s c i l l a t o r  f requency d i f f e r s  from t h e  NBS f r e -  
quency standard. It d i f f e r s  enough t o  show up 
on a h i g h  r e s o l u t i o n  reco rd  l i k e  t h i s  one. It 
shows up on t h e  pub l i shed  NBS data  i n  f i g u r e  
8.6. On t h e  da te  these da ta  were recorded, 
NBC's r e l a t i v e  frequency was -3019.4 p a r t s  i n  
l o l l ;  t h a t  i s ,  j u s t  over 3 p a r t s  i n  l o 8 .  J u s t  
l i k e  any c l o c k  t h a t  i s  runn ing  a t  a d i f f e r e n t  
r a t e ,  i t  w i l l  accumulate a t ime  e r r o r .  I n  
t h i s  case, t h e  t ime e r r o r  due t o  t h e  bas i c  
f requency d i f f e r e n c e  between NBS and NBC i s  
30.194 nanoseconds pe r  second. So our da ta  
w i l l  show t h i s  amount o f  change, and i t  does. 
Since NBC's frequency i s  low r e l a t i v e  t o  NBS, 
and i t s  Line-10 pu lse  i s  s topp ing  t h e  c l o c k  
(our t ime  i n t e r v a l  counter,  i n  t h i s  case), t he  
Line-10 pu lses  a r r i v e  l a t e r  and l a t e r  by  t h e  
30.194 nanosecond amount each second. Th is  i s  
ev iden t  i n  t h e  l a s t  column o f  t h e  p r i n t o u t  
( f i g u r e  8.5) as an i n c r e a s i n g  number s ince  t h e  
t ime  i n t e r v a l  counter  counts j u s t  a l i t t l e  
longer  each second. I f  l o c a l  programming i s  
used, such as between Boulder and F t .  C o l l i n s ,  
t h i s  number can change by as much as 50 o r  60 
nanoseconds pe r  second. It can a l s o  decrease 
r a t h e r  than increase. 

Al though you can p r i n t  o u t  severa l  num- 
bers  f o r  each network, o n l y  t h e  f i r s t  number 
i s  used--the one t h a t  occurs r i g h t  on t h e  
exac t  second t h a t  NBS i s  making measurements. 
Taking several  readings i nsu res  t h a t  t h e  
equipment i s  work ing  p roper l y .  Also,  i f  you 
happen t o  miss t h e  f i r s t  second, you can 

r e c o n s t r u c t  t h e  data. Th is  i s  n o t  a recom- 
mended p r a c t i c e ,  b u t  i t  can be done. 

8.4 WHAT DO YOU DO WITH THE DATA? 

Assume t h a t  da ta  a re  taken d a i l y ,  c a r e f u l  
records are  kept,  and t h e  c lock -osc i  1 l a t o r  
combinat ion be ing  used f o r  TV Line-10 da ta  i s  
n o t  d is tu rbed.  A f t e r  a l l ,  i f  you are  record-  
i n g  da ta  f o r  30 days and w a i t i n g  f o r  a check 
w i t h  NBS, you must n o t  a l t e r  t he  setup. The 
da ta  p o i n t s  can be t a b u l a t e d  o r ,  b e t t e r  y e t ,  
p l o t t e d  on graph paper. The accumulated t ime 
e r r o r  o f  t he  o s c i l l a t o r  i s  a measure o f  i t s  
frequency o f f s e t .  Therefore,  t h e  da ta  serve 
t o  c a l i b r a t e  t h e  r e l a t i v e  frequency o f  t h e  
o s c i l l a t o r  w i t h  respec t  t o  NBS. No t i ce  t h a t  
we a re  making and reco rd ing  time measurements 
t o  g e t  frequency. As you w i l l  read l a t e r ,  we 
can a l s o  g e t  t ime,  b u t  we must make some 
f u r t h e r  measurements t o  g e t  it. 

F igu re  8 . 7  shows t h e  raw data  f o r  an 
o s c i l l a t o r  be ing  c a l i b r a t e d  w i t h  t h e  TV Line-10 
system. The counter  used f o r  t h i s  measurement 
had a r e s o l u t i o n  o f  0.1 microsecond. For t h e  
data taken, i t  appears t h a t  t he  o s c i l l a t o r  
changed about 10 microseconds a day r e l a t i v e  
t o  NBS. Th is  works ou t  t o  be about 1 p a r t  i n  
1O1O frequency e r r o r .  Having t h r e e  major U.S. 
networks g i ves  a good se l f -check  on the  system 
accuracy. Al though t h e  da ta  w i l l  be s l i g h t l y  
d i f f e r e n t  f o r  each o f  t h e  t h r e e  networks, t he  
c a l  i b r a t i o n  e r r o r  w i  11 be smal 1. 

8.5 RESOLUTION OF THE SYSTEM 

How good i s  t h e  system? It has been 
known t o  produce c o n s i s t e n t  r e s u l t s  o f  around 
1 p a r t  i n  10 l1  over a p e r i o d  o f  several  years.  
I f  you a re  w i l l i n g  t o  pay a t t e n t i o n  t o  de- 
t a i l s ,  you can achieve s i m i l a r  r e s u l t s .  O f  
course, you must have a f a i r l y  good TV s i g n a l .  
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DA I LY TOTAL NBS LINE-10 DATA" U S E R ' S  LOCAL CLOCK DIFFERENCE+:: 

NBS - ACCUMULATION ACCUMULATION JUNE LINE-10 DATA 

DAY (NBC) (NBC) LOCAL CLOCK (MICROSECONDS) (MICROSECONDS) 

7 0221 6.54 05339.9 -31 23.4 0 0 

8 1 9526.34 22660.1 -3133.8 -10.4 -10.4 

9 02374.93 0551 8.6 -3143.7 - 9.9 -20.3 

I O  18779.21 21934.0 -31 54.8 - 1 1 . 1  -31 .4 

1 1  01 722.58 04888.5 -31 65.9 - 1 1 . 1  -42.5 
~ 

"Published i n  NBS Time & Frequency B u l l e t i n .  

""This heading es tab l i shes  a method f o r  t he  user t o  l e a r n  i f  h i s  c l o c k  i s  g a i n i n g  o r  
l o s i n g  t ime. Since the  NBS c l o c k  i s  always "on t ime, ' '  the u s e r ' s  da ta  a r e  subt rac ted  
from the  NBS reading. I t  i s  as i f  a t ime i n t e r v a l  counter produced t h i s  column where 
the  NBS c l o c k  opens the  ga te  and the  use r ' s  c l o c k  c loses  i t .  

COMPUTING THE OSCILLATOR FREQUENCY 

(Refer t o  Chapter 3 f o r  exp lana t ion  o f  the  math) 

NO. OF MICROSECONDS (AVERAGE)- 10.6 A t  - - = -  
1 DAY T T  US ACCUMULATED I N  5 DAYS: -42.5 

6 But one day has 86,400 x IO microseconds. So: 

-10 
= -1.23 x 10 . A t  -10.6 - _ =  

86,400 x 10 

- - = - =  At A f  1.23 x 
T f  Also:  

Th is  i s  t he  r e l a t i v e  frequency o f  the  u s e r ' s  o s c i l l a t o r  w i t h  respec t  t o  NBS. The 
a c t u a l  frequency o f  t he  u s e r ' s  o s c i l l a t o r  can a l s o  be found. I f  we assume t h i s  i s  
a 2.5 MHz o s c i l l a t o r ,  then: 

- =  A f  f ac tua l  - fnominal 

fnom i na 1 f 

S u b s t i t u t i n g  

6 - 2.5 x I O  
6 

-10 - fac tua l  1.23 x IO - 
2.5 x 10 

= 2,500,000.0003075 Hz. Sol v i  ng : actua 1 

So the  u s e r ' s  o s c i l l a t o r  i s  h igher  than i t ' s  nominal va lue  by a very small  amount. 

F I G U R E  8.7. COMPUTATION OF OSCILLATOR FREQUENCY USING TV LINE-10 DATA 
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I t  also helps your results i f  you can receive 
a l l  t h r e e  networks and cross-check t h e  r e s u l t s  
f o r  consistency. On t h e  o t h e r  end o f  t he  spec- 
trum, would i t  be wor thwhi le  t o  use t h e  Line-10 
system f o r  l o w e r - q u a l i t y  o s c i l l a t o r s ?  The 
answer i s  yes, b u t  up t o  a l i m i t .  Aside from 
t h e  f a c t  t h a t  o the r  f requency c a l i b r a t i o n  ser-  
v i c e s  a re  a v a i l a b l e  on r a d i o ,  t he  bas i s  f o r  a 
d e c i s i o n  o f  whether t o  use Line-10 o r  n o t  
r e s t s  w i t h  the  amount o f  t ime  t h e  user i s  
w i l l i n g  t o  i n v e s t .  For,  as the  o s c i l l a t o r  
q u a l i t y  goes down, the  amount o f  a t t e n t i o n  the  
system requ i res  increases. It becomes neces- 
sary t o  l o o k  a t  t he  data more c l o s e l y  and 
recognize and c a l i b r a t e  t h e  l a r g e r  frequency 
s h i f t  t h a t  w i l l  occur. 

I f  the  u s e r ' s  o s c i l l a t o r  has a frequency 
e r r o r  o f  1 p a r t  i n  I O 8 ,  i t  w i l l  ga in  o r  l ose  
about 1 m i l l i s e c o n d  pe r  day. Since the  TV 
Line-10 pu lse  i s  ambiguous (it occurs about 
every 33 m i l l i seconds ) ,  i t  would n o t  be too  
hard t o  keep t r a c k  o f  t h e  data.  However, i f  
t h e  l o c a l  o s c i l l a t o r  d r i f t e d  and was o f f  as 
much as 1 p a r t  i n  lo6 ,  the  data would g e t  
harder t o  i n t e r p r e t .  Th is  would a l l o w  a 
change o f  100 m i l l i seconds  pe r  day and a d i f -  
f e r e n t  Line-10 pu lse  would be viewed by the  
user than t h a t  seen and repo r ted  by NBS. Th is  
i s  t he  case f o r  any c l o c k  t h a t  has a l a r g e  
t ime e r r o r .  Then, the  user i s  s tuck  w i t h  
e i t h e r  n o t i n g  the  d i f f e r e n c e s  and p l o t t i n g  
them o r  c o r r e c t i n g  the  data f o r  whole pe r iods  
o f  t he  Line-10 sync s igna ls .  Th is  i s  33.3666 
. . .  m i l l i seconds .  So, a l though j u s t  about any 
c l o c k  o s c i l l a t o r  can be used, i t  i s  n o t  as 
s imple and s t r a i g h t f o r w a r d  i f  l a r g e  c l o c k  
d r i f t s  a re  invo lved.  

8.6 GETTING TIME OF DAY FROM LINE-10 

Since t h e  Line-10 data are d i r e c t l y  
t raceab le  t o  NBS, i t  conta ins t ime-of-day 
i n fo rma t ion .  As noted i n  the  above paragraph, 
i t  i s  ambiguous t o  33 m i l l i seconds .  This  
means t h a t  i f  you want t o  s e t  a c l o c k  accu- 
r a t e l y  ( t o  w i t h i n  microseconds), you must 
f i r s t  s e t  i t  t o  w i t h i n  33 m i l l i s e c o n d s  us ing  
some o the r  scheme. A good way would be t o  use 
r a d i o  s t a t i o n  WWV and an osc i l l oscope .  Orice 
you a re  w i t h i n  the  ambigui ty  range o f  t,he 
Line-10 data,  you can use Line-10 t o  s e t  t he  
c l o c k  more p r e c i s e l y .  You would need t o  know 
t h e  pa th  and equipment delays.  The pa th  delay 
would j u s t  about have t o  be measured by c a r r y -  
i n g  a c l o c k  t o  t h e  NBS i n  Boulder.  Once the  
delays a re  known, and i f  t h e  user records data 
r e g u l a r l y  from severa l  networks, chances a re  
he can keep t i m e  t o  w i t h i n  severa l  micro-  
seconds us ing  Line-10. 

The need t o  c a l i b r a t e  the  pa th  and re -  
so l ve  the  ambigui ty  may seem t o  pena l i ze  t h i s  
system and suggest t o  the  user t h a t  he use 
some o the r  method, b u t  t h e r e  are n o t  very  many 

ways t o  get accurate timing. Chapter 9 de- 
sc r ibes  Loran-C techniques f o r  accurate t ime 
s e t t i n g .  It, too,  needs t o  be c a l i b r a t e d  and 
i s  ambiguous i n  t h e  same way. So t h e  steps 
a re  t h e  same and Line-10 costs  less.  

8.7 THE DIGITAL FRAME SYNCHRONIZER 

As discussed i n  Chapter 7 (page 142), 
some l o c a l  TV s t a t i o n s  a re  us ing  d i g i t a l  frame 
synchronizers which a f f e c t  t he  use o f  these 
s t a t i o n s  f o r  frequency c a l i b r a t i o n s .  The 
frame synchronizer  a l s o  e l i m i n a t e s  t h e  use o f  
these s t a t i o n s  f o r  Line-10 t ime t r a n s f e r  when 
i t  i s  i n  the  d i f f e r e n t i a l  path.  The ABC s ta -  
t i o n s  i n  Los Angeles and New York a l s o  use 
frame synchronizers on the  incoming network 
l i n e s  so Line-10 reference i s  l o s t .  For more 
i n f o r m a t i o n  on the  s t a t i o n s  t h a t  a re  us ing  
frame synchronizers,  con tac t  t he  Time and 
Frequency Services Group, Na t iona l  Bureau o f  
Standards, Boulder,  Colorado 80303. 

8.8 MEASUREMENTS COMPARED TO THE USNO 

The USNO a l so  pub l i shes  Line-10 measure- 
ments on t h e  East Coast TV networks o r i g i n a t -  
i n g  i n  New York City. T h e i r  measurements are 
made a t  t he  same t ime as the  NBS measurements. 
Users d e s i r i n g  t o  compare t h e i r  c locks  w i t h  
t h e  USNO may o b t a i n  the  USNO data from t h e i r  
Time Services B u l l e t i n ,  Ser ies 4. F o r  more 
i n fo rma t ion ,  w r i t e  t o  t he  Time Services 
D i v i s i o n ,  U. S. Naval Observatory,  Washington, 
D. C. 20390. 

8 .9  LINE-10 EQUIPMENT AVAILABILITY 

There a re  severa l  manufacturers o f  TV 
Line-10 equipment. The NBS has a l s o  designed 
equipment t o  recover the Line-10 pu lse  from a 
commercial TV rece ive r .  The c i r c u i t  diagram 
i s  shown i n  f i g u r e  8.8.  The inst rument  
accepts 0.5 t o  1 .5  v o l t s  o f  v ideo s igna l  o f  
e i t h e r  p o l a r i t y  from a TV r e c e i v e r  and makes 
a v a i l a b l e  a Line-10 pu lse  referenced t o  e i t h e r  
t h e  l ead ing  o r  t r a i l i n g  edge o f  sync. (Note 
t h a t  t he  Line-10 measurements pub l i shed  i n  t h e  
NBS Time and Frequency B u l l e t i n  are referenced 
t o  t h e  t r a i l i n g  edge o f  t h e  Line-10 sync 
pu lse . )  The problem i s  t h a t  you w i l l  have an 
e r r o r  equal t o  the  w id th  o f  t he  sync pu lse  i f  
you use the l ead ing  edge and NBS uses t h e  
t r a i l i n g  edge. This  design uses standard TTL 
i n t e g r a t e d  c i r c u i t s  and cou ld  be assembled by 
a s k i l l e d  techn ic ian .  

For more i n f o r m a t i o n  about manufacturers 
o f  Line-10 equipment, w r i t e  t o  the T ime and 
Frequency Services Group, Nat ional  Bureau o f  
Standards, Boulder,  CO 80303. 
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FIGURE 3.8.  SCHEMATIC OF TV L I N E - 1 0  EQUIPMENT DEVELOPED BY NBS. 



CHAPTER 9. LORAN-C TIME AND FREQUENCY METHODS 

S E C O N D A R Y  W 

S E C O N D A R Y  X 

S E C O N U A R Y  Y 

S E C O N D A R Y  Z 

H i s t o r i c a l l y ,  many d i f f e r e n t  r a d i o  s i g -  
n a l s  have been used f o r  d i s t r i b u t i n g  t ime and 
frequency. Some o f  t h e  most success fu l  
adapted f o r  t h i s  purpose have been those o f  
t he  Loran-C n a v i g a t i o n  system. I n  t h e  19501s,  
a f t e r  i t s  i n i t i a l  development f o r  nav iga t i on ,  
work done a t  NBS showed t h a t  Loran-C s i g n a l s  
c o u l d  be q u i t e  s t a b l e ,  and s ince  then, t hey  
have been c o n t r o l l e d  and used f o r  frequency 
and t ime  c a l i b r a t i o n s .  

- 1 t R 1  

- SPACING 1,000 U S  ( A L L  ZECGNDAKY Z l A T l O N S )  

. 

- 

/ / l I l I / /  

The success o f  Loran-C frequency and t ime 
s i g n a l s  i s  due t o  a number o f  t h ings .  Each 
s t a t i o n  i s  c o n t r o l l e d  by cesium standards. 
Care fu l  c o n t r o l  and mon i to r i ng  o f  t he  s i g n a l s  
by  the  U. S. Coast Guard and t h e  U. 5. Naval 
Observatory a l l ows  a user t o  achieve r a p i d ,  
accura te  r e s u l t s .  Groundwave s i g n a l s  p rov ide  
s t a t e - o f - t h e - a r t  f requency and t ime  c a l i b r a -  
t i o n s .  Even t h e  skywave s igna ls ,  though 
s l i g h t l y  l e s s  accura te ,  can become the  bas i s  
o f  e x c e l l e n t  h i g h - q u a l i t y  c a l i b r a t i o n s .  
Loran-C coverage i s  i n c r e a s i n g  w i t h  t h e  planned 
a d d i t i o n  o f  new chains.  

9 .1 B A S I C  PRINCIPLES OF THE LORAN-C 

NAVIGATION SYSTEM 

Loran-C i s  a r a d i o  n a v i g a t i o n  system t h a t  
broadcasts on a frequency o f  100 kHz us ing  a 
bandwidth f rom 90 t o  110 kHz. A t  t h i s  low 
frequency, t he  r a d i o  waves f o l l o w  t h e  e a r t h ' s  
cu rva tu re ;  thus ,  t hey  are  r e l a t i v e l y  unboth- 
e red  by t h e  ionosphere and a re  very  s tab le .  

The Loran-C n a v i g a t i o n  system cons is t s  
o f  many synchronized "chains" o r  networks o f  
s t a t i o n s .  These chains p rov ide  groundwave 
coverage o f  most o f  t he  Un i ted  Sta tes ,  Canada, 
Europe, the  Nor th  A t l a n t i c ,  t h e  i s l a n d s  of 
t h e  Cent ra l  and West P a c i f i c ,  t he  P h i l i p p i n e s ,  
and Japan. In fo rma t ion  about the  va r ious  
cha ins  i s  g iven  i n  Table 9.1. 

One s t a t i o n  i n  each cha in  i s  designated 
as a "master" s t a t i o n ;  t he  remaining s t a t i o n s  
a r e  "s laves .  I' The master s t a t i o n  t ransmi t s  
groups o f  pu lses  t h a t  a re  rece ived by t h e  
s lave  s t a t i o n s .  The s lave  s t a t i o n s  rece ive  
the  master pu l se  groups and, a t  l a t e r  t imes, 
t r a n s m i t  s i m i l a r  groups o f  synchronized 
pu lses  ( f i g u r e  9.1). 

On a s h i p  o r  p lane,  t he  cons tan t  t ime  
d i f f e r e n c e s  between the  recep t ion  o f  t he  
master pu lses  and the  corresponding s lave  
pu lses  e s t a b l i s h  a l i n e - o f - p o s i t i o n  t h a t  i s  
used f o r  nav iga t i on .  S igna ls  f rom t h r e e  
separate Loran t ransmiss ions  a re  needed t o  
determine a l i n e - o f - p o s i t i o n .  F o r  frequency 
and t ime a p p l i c a t i o n s ,  o n l y  a s i n g l e  Loran 
s t a t i o n  i s  needed. 

The coverage and accuracy o f  Loran-C 
s i g n a l s  depend upon t h e  c h a r a c t e r i s t i c s  and 
fo rmat  of t he  t r a n s m i t t e d  s igna l .  When t h e  
system was designed, t r a d e o f f s  were made t o  
make t h e  system accurate and re l iab . le .  The 
c h a r a c t e r i s t i c s  and fo rmat  o f  t he  t ransmi t ted  
Loran-C s igna ls  can be broken down i n t o  the  
f o l l o w i n g  major elements: 

P H A S E  C O D E  -~ 

1 5 1  G K I -  R L T C K N A T t X I  _____ 
M A S T E R  ++- -+- C -  t++++- + 
S E C O N D A R Y  t--+++++ +-+--ti- - 

F I G U R E  9.1.  LORAN-C PULSE GROUP AND PHASE-CODE FORMAT. 
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TABLE 9.1 LORAN-C CHAINS 

CODING 
DELAY 

( P S I  STATION LOCATION 

E M I S S I O N  
DELAY 
(1.1s) 

GREAT LAKES 
R E P E T I T I O N  PERIOD: 
99,300 p s  (557) 

~~ 

2,797. c 

DANA, I N  
39' 51 '  8 "  N 
87' 29 '  12"  W 

MALONE, FL 

30' 59 '  39" N 
85' 10'  9" W 

SENECA, NY 

42' 42 '  51" N 
76' 49 '  34" W 

BAUDETTE, MN 
48' 36 '  50" N 
94' 3 3 '  18" W 

U. S. WEST COAST 
R E P E T I T I O N  PERIOD: 

99,400 ps  (SS6) 

FALLON, NV 

39' 33 '  6" N 
118' 49'  56" W 

GEORGE, WA 
47; 3 '  48" N 

119 44 '  40'' W 

;TATION 
DENT1 F I - 
CATION - 

9930M 
99602) * 

9930W 
(7980M) * 

9930X 
(9960M) * 

9930Y 

9940M 

9940W 
(5990Y) * 

- 
PEAK 
RADI-  
ATED 
POWER 
(kW) - 
(OPERA 

400 

800 

800 

400 

1600 

NAUTICAL 
M I L E S  - 

3NAL FEB 

BASELINE 

K I L O -  
METERS - 

IRY 1980) 

PATH 
LENGTH 

( P S I  - 

* 
These stations are members o f  two or more chains and are therefore dual or tr iple-rated.  
transmit on two (or three) rates with two (or three) pulse repeti t ion periods. 

They 
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STATION LOCATION 

MIDDLETOWN, CA 

38' 46' 57" W 
122O 29l 45" w 

SEARCHLIGHT, NV 

35' 19' 18" N 
114' 48' 17" W 

NORTHEAST U. S. 
REPETITION PERIOD:  
99,600 p s  (SS4) 

SENECA, NY 

42' 42' 51" N 
76' 49' 34" W 

CARIBOU, ME 

46' 48' 27" N 
67' 55' 38'' W 

NANTUCKET, MA 

41' 15' 12" N 
69' 58' 39" W 

CAROLINA BEACH, NC 

34O 3' 46" N 
77' 54l 47" w 

DANA, I N * *  

39' 51' 8" N 
87' 29' 13" W 

SOUTHEAST U. S. 
REPETITION PERIOD:  
79,800 ps  (SL2) 

MALONE, FL 
30' 59' 39" N 
85' 10 '  9" W 

* 

- 
STATION 
IDENTIFI- 
CATION - 
9940X 

9940Y 

9960M 
(9930X) * 

9960W 
(5930M) 

9960X 
(5930X) * 

9960Y 
(79802) * 

99602 
(9930M) * 

7980M 
(9930W) * 

TI LENGTH DELAY c:;::" 

1,094.5 27,000 

1,967.2 40,000 

3,162.1 54,000 

EM1 S S I O N  
DELAY 
( M S )  

28094.5 

41967.3 

13797.2 

26969.9 

42221.7 

57162.1 

These s t a t i o n s  a re  members o f  two cha ins  and a re  t h e r e f o r e  dua l - ra ted .  
r a t e s  w i t h  two pulse r e p e t i t i o n  per iods .  

They t r a n s m i t  on two 
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PEAK 
R A D I -  
ATED 
POWER 
(W - 

BASELINE 

K I L O -  
METERS - PATH 

LENGTH 
()-IS) - 
1,809.5 

STATION 
I D E N T I  F I- 

CATION - CODING 
DELAY 

( U S )  - 
11,000 

E M I S S I O N  
DELAY 
( P S I  

NAUTICAL 
M I L E S  STATION LOCATION 

~ 

GRANGEVILLE, F L  
30' 43' 33" N 
goo 49l 44" w 

7980W 800 

RAYMONDVILLE, TX 

26' 31' 55" N 
97' 50' 0" W 

7980X 400 4,443.4 23,000 27443.4 

J U P I T E R ,  F L  
27' 1' 58" N 
80' 6' 54" W 

7980Y 275 
45201.9 2,201.9 

2,542.7 

43,000 

59,000 
CAROLINA BEACH, NC 

34' 3' 46" N 
77' 54' 47" w 

79802 
700 61542.7 

dEST COAST OF CANADA 
R E P E T I T I O N  PERIOD: 
59,900 p s  (SH1) 

W I L L I A M S  LAKE, BC 
51' 57' 59" N 
1220 22' 2" w 

5990M 400 

SHOAL COVE, AK 

55' 26' 21" N 
131' 15' 20" W 

5990X 
(7960Y) * 400 2,343.6 11,000 13343.6 

GEORGE, WA 

47' 3' 48" N 
119' 44' 40" W 

28927.4 27,000 5990Y 

4990M 

4990X 

1,927.4 

4,972.2 

1600 

275 

275 

CENTRAL P A C I F I C  

49,900 ps (Sl) 

JOHNSTON I S L A N D  

16' 44' 44" N 
169' 30' 31" W 

REP E T  I T  I ON PER IO0 : 

UPOLO P O I N T ,  H I  

20' 14' 49" N 
155' 53' 10" W 

1,489.3 11,000 804.2 15972.4 

*These stations are members of two chains and are therefore dual-rated. They transmit on two 
rates with two pulse repetition periods. 
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_ _ _ ~  ~ 

STATION LOCATION 

~ 

STATION 
I D E N T I F I -  

CATION 

KURE, MIDWAY ISLAND 
28' 23'  42" N 

178' 17 '  30" W 

________~ 

PEAK 
RADI-  
ATED 
POWER 
(kW) 

NORTH P A C I F I C  
R E P E T I T I O N  PERIOD: 

99,900 ps (SS1) 

ST. PAUL, 
P R I B I L O F F  I S . ,  AK 

57' 9 '  10" N 
170° 1 4 '  60" W 

ATTU, AK 

52' 49 '  45" N 
173' 10 '  52" W 

POINT CLARENCE, AK 
65' 14 '  40" N 

166' 53 '  14" W 

NARROW CAPE, 
KODIAK I S . ,  AK 

57' 26'  20" N 
152' 22'  11" W 

NORTHWEST P A C I F I C  
R E P E T I T I O N  PERIOD: 

99,700 ps  (553)  

IWO J I M A ,  BONIN IS. 

24' 48 '  4" N 
141' 19 '  29" E 

MARCUS ISLAND 
24' 1 7 '  8" N 

153' 58 '  52" E 

HOKKAIDO, JAPAN 

42' 44 '  37" N 
143' 43 '  09" E 

NAUTICAL 
M I L E S  - 
849.6  

692.9 

BASELINE 

K I L O -  LENGTH 
METERS 

3,590.5  1 

CODING 
DELAY 

( P S I  

29,000 

11 ,000  

29,000 

43,000 

11 ,000  

30,000 

EMISSION 
DELAY 
(ps) 

34253.1 

14875.3 

32069. I 

46590.5 

15283.9 

36685.1 

* 
T h e s e  s t a t i o n s  a r e  m e m b e r s  o f  t w o  c h a i n s  and a r e  t h e r e f o r e  dual - ra ted.  
r a t e s  w i t h  t w o  pulse r e p e t i t i o n  p e r i o d s .  

T h e y  t r a n s m i t  o n  t w o  
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PEAK 
RADI -  
ATED 
POWER 
(kw) - 
400 

1000 

540 

BASELINE 

CODING 
DELAY 

( P S I  - 
55,000 

EMISSION 
DELAY 
( P S )  

STATION 
I D E N T I F I -  

CATION - 
9970Y 

99702 

7960M 

PATH 
LENGTH 

( P S I  - NAUTICAL 
M I L E S  - 
721.8 

929.4 

K I L O -  
METERS - 
1,336.8 

1,721.3 

I STATION LOCATION 

GESASHI,  OKINAWA 
26' 36'  25" N 

128' 8 '  56" E 
59463.2 4,463.2 

5,746.8 

2,804.5 

3.651.1 

YAP, CAROLINE I S .  

9' 32' 46" N 
138' 9'  55" E 

75,000 80746.8 

GULF OF ALASKA 
R E P E T I T I O N  PERIOD: 

79,600 v s  ( S L 4 )  

TOK, AK 
63' 19'  43" N 

142' 48'  32" W 

NARROW CAPE, 
KODIAK I S . ,  AK 

57' 26'  20" N 
152' 22'  11" W 

7960X 

(99902) 
* 

400 11,000 

26,000 

13804.5 

29651.1 
7960Y 

(5990X) * 
SHOAL COVE, AK 

55' 26'  21" N 
131' 15'  20" W 

NORTH ATLANTIC 
R E P E T I T I O N  PERIOD: 

79,300 ps (SL7) 

540 

1000 

1500 

400 

ANGISSOQ, GREENLAND 

59' 59' 17" N 
45' 10' 27'' W 

7930M 

7930W 
(7970Y) * 

~ 

SANDUR, ICELAND 

64' 54' 27" N 
23' 55' 22" W 

EJDE, FAROE ISLAND 

62' 17' 60" N 
7' 4 '  27'' W 

657.9 1,218.5 4,068.1 11,000 

-- 

21,000 

15068.1 

7930X 
(7970) * 1100.3 2,037.8 6,803.8 27803.8 

CAPE RACE, 
NEWFOUNDLAND 

46' 46'  32" N 
53' 10' 28" W 

79302 

(9930X) * 843.0 1,561.2 5,212.2 48212.2 43,000 1500 

* 
These s t a t i o n s  a r e  members o f  two cha ins  and a r e  t h e r e f o r e  dua l - ra ted .  
r a t e s  w i t h  two p u l s e  r e p e t i t i o n  per iods .  

They t r a n s m i t  on two 
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- 
PEAK 
RADI -  
ATED 
POWER 
(kW) - 
400 

2 50 

- 
CODING 
DELAY 

( P S )  - 

11,000 

STAT I ON 
I D E N T I F I -  

CATION 

EMISSION 
DELAY 
h s )  

NAUTICAI  
M I L E S  - STATION LOCATION 

NORWEGIAN SEA 
REPETIT ION PERIOD: 

79,700 ps (SL3) 

EJDE, FAROE ISLAND 
62O 17 '  60" N 

7' 4 '  27" W 

7970M 
(7930X) * 

BOE, NORWAY 

68' 38'  7" N 
14O 27 '  47" E 

7970X 654.7 15048.2 

SYLT,  F. R. GERMANY 

54' 48'  30" N 
8' 17'  36" E 

7970W 275 657.6 26.000 30065.7 

48944.5 

6221.6.3 

SANDUR, ICELAND 

64' 54 '  27" N 
23' 55'  22" W 

7970Y 
(7930W) * 

~ 

476.2 

520.2 

1500 46,000 

JAN MAYEN, NORWAY 

70' 54'  53" N 
8' 43 '  59" E 

250 79702 60,000 

MEDITERRANEAN SEA 
REPETIT ION PERIOD: 

79,900 ps ( S L 1 )  
I 

S E L L I A  MARINA, I T A L Y  

38O 52 '  21" N 
16' 43 '  6" E 

7990M 250 

LAMPEDUSA, I T A L Y  

35O 31 '  21" N 
12' 31'  30" E 

KARGA BARUN, TURKEY 

40' 58 '  21" N 
27' 52'  2" E 

7990X 400 284.0 11,000 

29,000 

12756.0 

7990Y 250 980.4 529.4 

646.9 

32273.3 3.273.3 

ESTARTIT ,  S P A I N  

42' 3 '  36" N 
3' 12 '  16" E 

250 79902 1,198.0 3,999.7 47,000 50999.7 

* 
These s t a t i o n s  a re  members o f  two chains and a re  t h e r e f o r e  dual  ra ted .  
r a t e s  w i t h  two pu lse  r e p e t i t i o n  per iods .  

They t r a n s m i t  on two 
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1. C a r r i e r  Frequency 4. Phase Code 
2. Pulse Shape 5. B l i n k  Codes 
3. Pulse Group 6. Spectrum 

The c h a r a c t e r i s t i c s  and format  o f  t he  Loran-C 
s i g n a l s  and the  impor tan t  t r a d e o f f s  which 
were made i n  t h e i r  s e l e c t i o n  a re  discussed 
below. 

9.2 B A S I C  LORAN-C FORMAT 

The bas i c  format  o f  t he  Loran-C t r a n s -  
missions, f o r  a s i n g l e  r a t e ,  which would be 
rece ived  a t  a p o i n t  i n  t h e  coverage area o f  a 
Loran-C chain,  i s  shown i n  t h e  l i n e  l a b e l e d  
"phase code" i n  f i g u r e  9.2. S ignals  f rom 
o the r  chains (ad jacent  and d i s t a n t )  would be 
superimposed on these s i g n a l s  (because a l l  
Loran-C s i g n a l s  share a c a r r i e r  f requency of 
100 kHz) b u t  would have d i f f e r e n t  Group Repe- 
t i t i o n  I n t e r v a l s  ( G R I ) .  Master t ransmiss ions 
a r e  l abe led  "M" i n  t h e  f i g u r e  and c o n s i s t  o f  
8 pulses ( represented by the s h o r t  v e r t i c a l  

l i n e s j  separated by 1000 microseconds and a 
n i n t h  pu l se  2000 microseconds a f t e r  t he  
e i g h t h .  The secondary t ransmiss ions are 
l a b e l e d  " S "  i n  the  f i g u r e  and c o n s i s t  o f  8 
pulses separated by 1000 microseconds. These 
pulses have t h e  general envelope shape shown 
i n  t h e  lower r i g h t  corner  o f  f i g u r e  9.2, and 
a re  p o s i t i v e l y  and n e g a t i v e l y  phase coded as 
shown i n  t h e  middle o f  t he  f i g u r e .  Phase 
coding, s t a t i o n  occupancy bounds, G R I ,  
s tandard t r a c k  p o i n t ,  e t c . ,  w i l l  be discussed 
i n  g r e a t e r  d e t a i l .  

NOTE: The f o l l o w i n g  i n f o r m a t i o n  i s  i n -  
c luded here f o r  those readers who 
have a need t o  understand Loran-C 
opera t i on  i n  d e t a i l .  An average 
frequency and t ime user may n o t  
w ish  t o  pursue t h i s  s u b j e c t  i n  
such depth and may s k i p  t o  
s e c t i o n  9.3 on page 166. 

M S1 s2 s3 s4 s5 M s1 s2 s3 s4 s5 
I I 1  I 1  I 1  I I I  1 1  I 1  I 1  I 1  1 - n  r 
I 
I STATION OCCVPANCY BOUNDS 
1 GROUP REPETIT ION INTERVAL A I GROUP REPETIT ION INTERVAL B t 

I *: 
I- 99300 MICROSECONDS -'a- 99300 MICROSECONDS -I 
I MULTIPLEX OF STATIONS I 

I 
1- PHASE CODE INTERVAL 

I I 

PHASE +i s2 S3 S4 S5 M S l  s2 s3  s4 s5 :I 1 ,,:,' 
CODE - I I I  I 

I I  I 11111 I 1111 I 11111 1 I 11111 I I 11 
II II I1 II I I  II I I I I1 I I I  I I  I I I I  I I I I  I I I I  Ill1 1 1 1 1  I I II I 

POINT 

TIME 
0 

FIGURE 9.2. LORAN-C SIGNAL FORMAT (CHAIN OF S I X  
STATIONS AT G R I  CODE 9930). 
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9.2.1 CARRIER FREQUENCY 

A l l  Loran-C t ransmiss ions are t imeshared 
( t ime  mu l t i p lexed)  on a c a r r i e r  f requency o f  
100 kHz. The choice o f  c a r r i e r  frequency and 
the  propagat ion medium determine the  range t o  
which t h e  s i g n a l s  w i  11 be propagated (ground- 
waves and skywaves) and how s t a b l e  they w i l l  
be. High f requencies (g rea te r  than 200 kHz) 
have t h e  bes t  groundwave propagat ion charac- 
t e r i s t i c s .  The bes t  f requency f o r  t h e  Loran-C 
n a v i g a t i o n  system migh t  have been i n  the  band 
150 t o  200 kHz, b u t  a frequency i n  t h i s  band 
was n o t  a v a i l a b l e  because i t  would have i n t e r -  
f e r e d  w i t h  e x i s t i n g  European broadcast s ta -  
t i o n s .  Loran-C s i g n a l s  a t  100 kHz can be 
t r a n s m i t t e d  w i t h o u t  i n o r d i n a t e  d i  f f  i c u l  t y  , 
have good groundwave range and good s t a b i l i -  
ty. Loran-C t ransmiss ions may occupy a band 
from 90-110 kHz (see pu lse  shape). 

9.2.2 TRANSMITTED PULSE SHAPE 

The shape o f  t h e  s tandard Loran-C pu lse  
envelope as a f u n c t i o n  o f  t ime  i s  g i ven  by: 

2 - 2 t / A t  
f(t) = t e P1 

where A t  i s  t he  t i m e  t o  peak o f  t h e  pu lse  

and i s  65 microseconds f o r  a s tandard Loran-C 
pulse.  

P 

This  pu l se  r i s e s  t o  approximately 50% o f  
i t s  peak ampl i tude i n  25 microseconds. The 
r i s e  t ime  o f  t h e  Loran-C pu lse  should be as 
f a s t  as p o s s i b l e  t o  a l l o w  maximum pu lse  ampl i -  
tude a t  t he  r e c e i v e r  be fo re  the  pu lse  has been 
contaminated by the  a r r i v a l  o f  skywaves. A 
squarewave would r i s e  more q u i c k l y ,  b u t  t he  
20 kHz bandwidth a1 lowed f o r  Loran-C pulses 
would be exceeded. The standard Loran-C 
pu lse  o f f e r s  a good compromise between f a s t  
r i s e  t i m e  and r e q u i r e d  bandwidth. Other 
p u l s e  shapes hav ing f a s t e r  r i s e  t i m e s  t h a t  
meet bandwidth requirements have been pro- 
posed, b u t  n o t  adopted. T ransmi t t i ng  equip- 
ment 1 i m i t a t i o n s  p lace  a d d i t i o n a l  c o n s t r a i n t s  
on the  type o f  pu l se  se lected.  

9 .2.3 TRANSMITTED PULSE 

The Loran-C t r a n s m i t t e d  pu lse  shape i s  
de f i ned  i n  terms o f  t h e  base c u r r e n t  i n  t h e  
t r a n s m i t t i n g  antenna. The antenna base cu r -  
r e n t ,  i(t), i s  g i ven  by the  f o l l o w i n g :  

i(t) = O,t < 1, 

i(t) 

where: 

t 

A 

t 

t 

t 
P 

A t  
P 

wO 

4 

For t ime 

L 

1 t - t  
A ( -  

A t  
P 

P 
- c t < t  

i s  a constant  r e l a t e d  t o  t h e  peak 
c u r r e n t  ( i n  amperes) 

i s  t ime ( i n  microseconds) 

i s  t he  t ime  o r i g i n  f o r  t he  enve- 
lope; a l s o  c a l l e d  ECD ( i n  
microseconds) 

i s  t h e  t ime o f  t h e  pu lse  envelope 
peak (65 + t) 

i s  t he  r i s e  t ime o f  t he  pu lse  
envelope (65 microseconds) 

i s  t he  angular c a r r i e r  frequency 
(0.2 JI radians/microsecond) 

i s  t he  phase code (0 o r  71 rad ians,  
- + 180') 

(t) g r e a t e r  than tp, i(t) i s  con- 

t r o l l e d  t o  s a t i s f y  r a d i a t e d  spectrum r e q u i r e -  
ments. To p reven t  contaminat ion of t h e  lead- 
i n g  edge o f  a Loran-C pu lse  by the  t a i l  o f  
t h e  prev ious pulse,  i d e a l l y ,  t he  ampl i tude 
o f  t he  t a i l  should be w e l l  a t tenuated be fo re  
t h e  nex t  pu l se  s t a r t s .  I f  the  skywave o f  t he  
t a i l  o f  t he  pu lse  i s  considered, then a 
Loran-C pu lse  should be a t tenua ted  as f a s t  as 
p o s s i b l e  a f t e r  a t t a i n i n g  peak ampl i tude. 

Un fo r tuna te l y ,  t he  bandwidth c o n s t r a i n t  
must be considered. A compromise between 
these two requirements i s  t o  a l l o w  a pu lse  
l e n g t h  o f  500 microseconds. By r e q u i r i n g  the  
ampl i tude o f  t he  pu lse  a t  500 microseconds t o  
be down 60 ('7 f rom the  peak o f  t he  pulse,  t he  
bandwidth l i m i t a t i o n  can be m e t  and the  pulse-  
t a i l  skywave contaminat ion problem can be 
avoided. Prec ise t i m i n g  c o n t r o l  o f  t he  lead-  
i n g  edge o f  t he  Loran-C pu lse  i s  r e q u i r e d  t o  
p e r m i t  users t o  o b t a i n  accurate nav iga t i ona l  
i n fo rma t ion .  
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FIGURE 9.3. STANDARD LORAN-C PULSE (ECD = 0, P O S I T I V E L Y  PHASE-CODED). 
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FIGURE 9.4.  LORAN-C PULSE WITH ECD = +3.0 MICROSECONDS. 



9.2.4 GRAPHICAL REPRESENTATION 

1 

2 

3 

4 

5 

6 

7 

8 

Zero Crossing: 

+2.5 

+7.5 

+12.5 

+17.5 

+22.5 

+27.5 

+32.5 

+37.5 

A g raph ica l  rep resen ta t i on  o f  t h e  stan- 
dard  Loran-C p u l s e  i s  shown i n  f i g u r e  9.3. 
The main aspects o f  t h e  pu lse  a re  de f i ned  as 
fo l l ows :  

Pulse Time Reference (PTR): 

The p o s i t i v e - g o i n g  zero  c r o s s i n g  neares t  
t o  t h e  30 microsecond p o i n t  on t h e  pu lse  
envelope f o r  a p o s i t i v e l y  phase coded 
pu lse  (negat ive-go ing  zero c ross ing  f o r  
a n e g a t i v e l y  phase coded pu lse) .  I n  
rece ive rs ,  t h i s  p o i n t  i s  o f t e n  r e f e r r e d  
t o  as t h e  "Track Po in t . "  

Reference Delay (DR]: 

The f i x e d  de lay  between t r a n s m i t t e r  
t r i g g e r s  and t h e  PTR. 

Pulse S t a r t :  

The t ime  30 microseconds minus t h e  alge- 
b r a i c  va lue  o f  t h e  ECD e a r l i e r  than the  
PTR. 

Time-to-Peak (AT ) -  
P-' 

The t ime  i n t e r v a l  f rom pu lse  s t a r t  t o  t h e  
peak va lue  o f  t h e  envelope o f  t h e  pu lse .  
AT i s  65 microseconds. 

P 

Pulse T a i l :  

The p o r t i o n  o f  t h e  p u l s e  a f t e r  t h e  peak 
has occurred. 

The i n s t a n t  a t  which t h e  d i r e c t  coupled 
vo l tage  ( o r  c u r r e n t )  reaches i t s  zero 
DC l e v e l .  

A. Envelope-to-Cycle D i f f e r e n c e  

Envelope-to-Cycle D i f f e r e n c e  (ECD) i s  
t h e  displacement between t h e  s t a r t  o f  t h e  
Loran-C pu lse  envelope and a zero  c ross ing  o f  
t h e  Loran-C c a r r i e r .  ECD a r i s e s  because t h e  
phase ( c a r r i e r )  ve loc iLy  and the  group (enve- 
lope)  v e l o c i t y  o f  t h e  Loran-C s igna l  d i f f e r .  
As the  s i g n a l  propagates over sea water,  t he  
ECD decreases because t h e  phase v e l o c i t y  
exceeds t h e  group v e l o c i t y .  ECD s h i f t s  over 
l a n d  paths a re  n o t  always w e l l  behaved. The 
ECD o f  t h e  t r a n s m i t t e d  s igna l  i s  c o n t r o l l e d  by 
p r e - d i s t o r t i n g  t h e  t r a n s m i t t i n g  antenna cu r -  
r e n t  pu l se  so t h a t  a s i g n a l  w i t h  t h e  des i red  
ECD i s  ob ta ined i n  t h e  near f a r - f i e l d .  ECD i s  
i l l u s t r a t e d  i n  f i g u r e  9 .4  (ECD = +3 microsec- 
onds). I n  t h e  t rans fo rma t ion  between t h e  
t r a n s m i t t i n g  antenna base c u r r e n t  and t h e  
e l e c t r i c  f i e l d  i n  t h e  f a r  f i e l d ,  t h e  c a r r i e r  
advances approximately 2.5 microseconds 
(because o f  t h e  imaginary te rm i n  the  t h e t a  
component o f  t h e  e l e c t r i c  f i e l d  vec to r )  which 
r e s u l t s  i n  a s h i f t  i n  ECD o f  +2.5 microsec- 
onds. I n  genera l ,  t h e  ECD o f  t h e  antenna base 
c u r r e n t  waveform i s  ad jus ted  t o  zero  such t h a t  
t h e  ECD i n  t h e  near f a r - f i e l d  i s  +2.5. I n  
general ,  t h i s  ECD decreases as t h e  s igna l  
propagates such t h a t  i t  i s  approximately zero  
i n  t h e  pr ime se rv i ce  area. ECD i s  an impor- 
t a n t  parameter because i f  i t  i s  t o o  g r e a t  a 

TABLE 9.2. ECD TABLE: HALF CYCLE PEAK AMPLITUDE vs ECD 

HALF 1 NOMINlI: TIME 
CYCLE OF HALF CYCLE 
NO. 

~ ~~ 

- 4  - 3  - 2  -1 0 +1 +2 +3 +4 

+.066 +.050 +.036 +.025 +.016 +.009 +.004 +.001 000 

-.166 -.144 -.122 - . l o 2  -.083 -.066 -.050 -.036 -.025 

+.290 +.264 +.239 +.214 +.190 +.166 +.144 +.122 + . l o 2  

-.419 -.393 -.367 -.341 -.315 -.290 -.264 -.239 -.214 

+.545 +.520 +.496 +.470 +.445 +.419 +.393 +.367 +.341 

-.659 -.637 -.615 -.592 -.569 -.545 -.520 -.496 -.470 

+.758 +.740 +.721 +.701 +.680 +.659 +.637 +.615 +.592 

-.840 -.825 -.810 -.793 -.776 -.758 -.740 -.721 -.701 

* 
NORMALIZED TO PEAK AMPLITUDE (t = 65 ps) ;  i . e . ,  AMPLITUDE AT t = 1 

P P 
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r e c e i v e r  w i l l  n o t  be ab le  t o  i d e n t i f y  t h e  
proper  "Track Po in t . "  

C. Pulse Group 

E. ECD Determinat ion  

A s tandard  measurement process has been 
de f i ned  t o  determine t h e  ECD o f  t h e  Loran-C 
pu lse .  Ampl i tude samples o f  t h e  f i r s t  e i g h t  
h a l f  c y c l e  peaks o r  quadrature samples a t  2 .5 
microsecond i n t e r v a l s  about t h e  PTR th rough 
t h e  f i r s t  f o r t y  microseconds o f  t h e  pu lse  a re  
taken. A b e s t - f i t  s tandard  Loran-C pu lse  i s  
determined f o r  t h e  measured pu lse  us ing  a 
minimum mean square e r r o r  (MMSE) es t ima to r .  A 
c o s t  f u n c t i o n  which i s  a f u n c t i o n  o f  bo th  peak 
pu lse  ampl i tude (A)  and ECD (1) i s  minimized. 
Th is  c o s t  f u n c t i o n  i s  minimized by s o l v i n g  two 
p a r t i a l  d i f f e r e n t i a l  equat ions.  The peak 
ampl i tude and ECD o f  t h e  measured da ta  a re  
found from t h i s  b e s t - f i t  pu lse .  An rms pu lse  
shape e r r o r  computat ion i s  assoc ia ted  w i t h  
t h i s  de te rm ina t ion  o f  ECD. Confidence l i m i t s  
on ECD a r e  be ing  es tab l i shed  f o r  va r ious  mag- 
n i t udes  o f  rms pu lse  e r r o r .  A t  Loran-C t rans -  
m i t t i n g  s t a t i o n s ,  t h e  ECD i s  determined by 
measuring ha1 f c y c l e  peak amp1 i tudes through 
t h e  f i r s t  f o r t y  microseconds o f  t h e  pu lse .  

Loran-C rece ive rs  use c a r r i e r  phase mea- 
surements o f  t h e  pu lsed  100 kHz s igna ls .  High 
accuracy i s  achieved by  a l l o w i n g  separa t i on  o f  
t h e  groundwave and skywave components o f  t h e  
Loran-C s i g n a l  due t o  pu l se  modulat ion.  Be- 
cause a l l  cha ins  opera te  on t h e  same frequen- 
cy ,  some method o f  cha in  s e l e c t i o n  i s  neces- 
sary .  Th is  i s  achieved by  t r a n s m i t t i n g  s i g -  
n a l s  f rom d i f f e r e n t  cha ins  on d i f f e r e n t  group 
r e p e t i t i o n  i n t e r v a l s  ( G R I )  (see f i g u r e  9.2). 
I n  s e l e c t i n g  the  number o f  pu lses  t o  t r a n s m i t  
p e r  G R I  and t h e i r  spacing, t r a d e o f f s  had t o  be 
made t o  maximize t h e  number o f  pu l ses  p e r  
second which cou ld  be rece ived  ( t o  inc rease 
e f f e c t i v e  r e c e i v e r  s igna l - to -no ise  r a t i o  (SNR) 
f o r  a g i ven  peak power), t o  minimize i n t e r -  
fe rence from f i r s t - h o p  skywaves and mu l t i - hop  
skywaves, and t o  p rov ide  s u f f i c i e n t  t ime  f o r  
r e c e i v e r  recovery  (processing).  

0. E x i s t i n g  Format 

The s t a t i o n s  i n  a p a r t i c u l a r  Loran-C 
cha in  t r a n s m i t  groups o f  pu lses  a t  a s p e c i f i e d  
group r e p e t i t i o n  i n t e r v a l  ( G R I ) .  Poss ib le  

TABLE 9.3. GROUP REPETITION INTERVALS 

(GRI I n  Tens o f  Microseconds) 

9999 
9998 
9997 

999 1 
9990 (SSI) 
9989 

997 1 
9970 (SS3) 
9969 

8999 
8998 
8997 

899 1 
8990 
8989 

8971 

8969 
8970 

7999 
7998 
7997 

799 1 
7990 (SLI 
7989 

797 1 
7970 (SL3) 
7969 

6999 
6998 
6997 

699 1 
6990 
6989 

697 1 
6970 
6969 

5999 
5998 
5997 

599 1 
5990 ( S H I  
5989 

5971 
5970 ('33 
5969 

993 1 
9930 
9929 

(S 

4999 
4998 
4997 

4991 
4990 (SI) 
4989 

497 1 
4970 ( S 3 )  
4969 

893 1 793 1 6931 593 1 493 1 
'S7) 8930 7930 (SL7) 6930 5930 (Si471 4930 (S7) 

8929 7929 6929 5929 4929 

9000 8000 7000 6000 5000 4000 
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values f o r  G R I  range between 40,000 microsec- 
onds (25 groups per second) and 100,000 micro- 
seconds (10 groups p e r  second) i n  steps o f  100 
microseconds. The master s t a t i o n  t ransmi t s  a 
t o t a l  o f  n ine  pu lses  as shown i n  f i g u r e  9.2. 
The f i r s t  e i g h t  pu lses  a re  separated by 1000 
microseconds and the  n i n t h  pu l se  i s  separated 
from t h e  e i g h t h  by 2000 microseconds. The 
n i n t h  pu l se  i s  used f o r  i d e n t i f i c a t i o n  o f  t he  
master s i g n a l .  Secondary s t a t i o n s  t r a n s m i t  
e i g h t  pu lses  which a re  separated by 1000 
microseconds. 

T D ( S )  

NONE 

Through t h e  use o f  phase coded s i g n a l s  and 
cross-correlation techniques in receivers, 
automat ic i d e n t i f i c a t i o n  o f  t h e  mas te r ' s  and 
secondar ies '  s i g n a l s  i s  poss ib le .  Phase 
cod ing  extends over a p e r i o d  o f  two G R I  
( c a l l e d  t h e  Phase Code I n t e r v a l  ( P C I )  as shown 
i n  f i g u r e  9.2. Master and secondary phase 
codes a re  shown i n  f i g u r e  9.5. B a s i c a l l y ,  
when skywaves, whose phase codes d i f f e r  from 
t h e  des i red  groundwaves, a re  rece ived  d u r i n g  
r e c e i p t  o f  t h e  groundwave, t h e  skywave s i g n a l  
i s  cancel 1 ed. 

+ 1 2  SECONDS * 

The G R I  i n  Loran-C cha ins  a re  se lec ted  t o  
improve r e c e i v e r  ope ra t i on  w h i l e  reduc ing  
i n t e r f e r e n c e  from ad jacent  cha ins  (c ross  r a t e  
i n t e r f e r e n c e ) .  The G R I  must be l o n g  enough t o  
p reven t  ove r lap  o f  t h e  master and any secon- 
dary  s i g n a l s  i n  t h e  coverage area. Time must 
be a l lowed f o r  between t h e  l a s t  secondary 's 
e i g h t h  pu l se  and t h e  mas te r ' s  f i r s t  pu l se  i n  
t h e  nex t  group. 

X Y W  

xzw 
y z w  

Pulses Per Group 

1 - m  1 1 1  1111 

1 I 1 m 111 1-11 

1 - m  11111 1-11 

With  m u l t i p l e  p u l s i n g  i n  a G R I ,  i t  i s  
p o s s i b l e  t o  inc rease t h e  e f f e c t i v e  average 
pu lse  r a t e  and e f f e c t i v e  average power w i t h o u t  
i n c r e a s i n g  t h e  peak power o r  l o s i n g  t h e  advan- 
tages o f  pu l se  t ransmiss ion  and t imeshar ing .  
Each doub l i ng  o f  t h e  number o f  pu lses  r a d i a t e d  
r e s u l t s  i n  t w i c e  t h e  prev ious  average r a d i a t e d  
power (3  dB) and increases  t h e  f a r - f i e l d  
s t r e n g t h  by  t h e  square r o o t  o f  two. Thus, 
go ing  from one t o  e i g h t  pu lses  r e s u l t s  i n  9 dB 
more average power. I n  t h i s  manner, t h e  range 
o f  t h e  system i s  maximum f o r  a g i ven  peak 
power. Groups o f  pu lses  i n  t h e  s e r i e s  2, 8, 
16, e tc . ,  p rov ide  t h e  b e s t  phase codes f o r  
skywave r e j e c t i o n .  

XYZW 

Pul se Spacing 

1 I I  1 1- -11 1-11 I 

Loran-C pu lse  spacing i s  chosen t o  be 
1000 microseconds t o  p r o v i d e  enough t ime f o r  
f i r s t  o r  second hop skywaves t o  decay be fo re  
t h e  nex t  pu l se  a r r i v e s .  

Phase Coding 

Phase cod ing  serves severa l  purposes: 

(1) It i s  a means t o  i d e n t i f y  master and 
secondary s t a t i o n s  au tomat i ca l l y .  

(2)  I t  a l l ows  f o r  t h e  automat ic search 

(3) It r e j e c t s  mu l t i - hop  skywaves. 

process. 

STATION 

G R I  MASTER SECONDARY 

A + + - - + - + -  + + + + + + - - +  

B + - - + + + + +  - + - + - + + - -  

FIGURE 9.5. LORAN-C PHASE CODES. 

F. B l i n k  Codes 

B l i n k i n g  i s  used t o  warn n a v i g a t i o n  users 
t h a t  t h e r e  i s  an e r r o r  i n  t h e  t ransmiss ions  o f  
a p a r t i c u l a r  s t a t i o n .  B l i n k  i s  accomplished 

UNUSABLE 11 ON-OFF PATTERN 

x 1 1 = - -  = I 

xw I 1 1  I I 1 1111 I 
YZ 1 1 1 - 1  II 111 I 

FIGURE 9.6.  LORAN-C BLINK CODE. 
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a t  t h e  master s t a t i o n  by t u r n i n g  t h e  n i n t h  
p u l s e  on and o f f  i n  a s p e c i f i e d  way as shown 
i n  f i g u r e  9.6. The secondary s t a t i o n  o f  t h e  
unusable p a i r  b l i n k s  by t u r n i n g  i t s  f i r s t  two 
pulses on and o f f .  The f i r s t  two pulses o f  
t h e  secondary s t a t i o n  are tu rned  on (b l i nked )  
f o r  approximately 1/4 second every 4 seconds. 
A l l  secondar ies use the  same code. Most 
modern n a v i g a t i o n  rece ive rs  a u t o m a t i c a l l y  
d e t e c t  secondary s t a t i o n  b l i n k  o n l y  as t h i s  i s  
s u f f i c i e n t  t o  t r i g g e r  t h e  a larm i n d i c a t o r s .  

G. Spectrum 

The t r a n s m i t t e d  spectrum i s  de f i ned  t o  
be t h e  s p e c t r a l  d e n s i t y  o f  t he  t ime  f u n c t i o n  
f(t), where f(t) i s  

t2e-2t/65 

The s p e c t r a l  d e n s i t y  f u n c t i o n  i s  g i ven  by 

where: 

and 

w = angular  frequency (rad/sec) 

The Loran-C spectrum f o l l o w s  p r o v i s i o n s  o f  t h e  
Radio Regulat ions o f  t he  I n t e r n a t i o n a l  Tele- 
communications Union (ITU). The t o t a l  energy 
ou ts ide  t h e  90 - 110 kHz band i s  l e s s  than 1% 
o f  t he  t o t a l  r a d i a t e d  energy. The energy 
below 90 kHz and above 110 kHz a re  no g r e a t e r  
than 0.5% o f  t h e  t o t a l  r a d i a t e d  energy. As a 
p r a c t i c a l  ma t te r  f o r  Loran-C t ype  s i g n a l s ,  
t h i s  i s  achieved i f  t h e  s p e c t r a l  d e n s i t y  o f  
t h e  r a d i a t e d  s i g n a l  a t  90 kHz and 110 kHz i s  
down a t  l e a s t  20 dB r e l a t i v e  t o  i t s  va lue a t  
100 kHz. 

H. F ine Spectra 

There a re  severa l  hundred s p e c t r a l  1 i nes 
i n  t h e  near band spectrum o f  t h e  Loran-C 
s igna ls .  These s p e c t r a l  l i n e s  r e s u l t  f rom 
t h e  va r ious  p e r i o d i c  elements o f  t h e  Loran-C 
t ransmiss ions.  Among t h e  most s i g n i f i c a n t  
a re  1 i nes  every: 

1 kHz - 1000 microsecond pu lse  

125 Hz - Blocks o f  8 pulses w i t h  

1/GRI Hz - Group r e p e t i t i o n  i n t e r v a l  

spacing 

1000 microsecond spacing 

1/(2 x G R I )  Hz - Phase code i n t e r v a l  

NOTE: When observ ing the  spectrum on 
analyzers whose minimum I F  
bandwidths a re  g r e a t e r  than the  
spacing between t h e  s p e c t r a l  
l i n e s  t o  be observed, t h e  f i n e  
spec t ra  w i l l  be a r e s u l t  o f  t he  
spectrum a n a l y z e r ' s  I F  response 
r a t h e r  than  t h e  Loran-C s i g n a l .  

I. Harmonics 

To assure t h a t  Loran-C t ransmiss ions do 
n o t  i n t e r f e r e  w i t h  o the r  se rv i ces  i n  ad jacent  
p a r t s  o f  t h e  r a d i o  spectrum, the  s p e c t r a l  
l e v e l  o f  any harmonic r e l a t i v e  t o  t h e  va lue 
a t  100 kHz doesn ' t  exceed t h e  f o l l o w i n g  
l e v e l s :  

HARMONIC LEVEL 
2nd -70 dB 

3 r d  -80 dB 

4 t h  -85 dB 

5 t h  ( o r  g rea te r )  -90 dB 

9.3 WHAT I S  THE EXTENT OF LORAN-C COVERAGE? 

There a re  two methods o f  s i g n a l  propaga- 
t i o n :  groundwave and skywave. Using the  
groundwave, Loran-C t i m i n g  i s  p o s s i b l e  t o  
about 1500 m i l e s  over l and  and 2000 m i l e s  over 
t h e  ocean. Skywave r e c e p t i o n  beyond 5000 
m i l e s  i s  poss ib le .  

9.3.1 GROUNDWAVE SIGNAL RANGE 

Radio energy f rom each Loran-C t r a n s m i t -  
t e r  r a d i a t e s  i n  a l l  d i r e c t i o n s .  A p o r t i o n  o f  
t h e  energy t r a v e l s  o u t  from each t r a n s m i t t i n g  
s t a t i o n  p a r a l l e l  t o  t h e  sur face o f  t h e  ea r th .  
Th is  i s  t h e  groundwave. 

Usefu l  Loran-C groundwave coverage ex- 
tends from approx imate ly  1500 t o  2000 mi les.  
Dur ing pe r iods  o f  good recep t ion ,  t h i s  range 
may be g r e a t e r  and d u r i n g  pe r iods  o f  h i g h  
no ise  and i n t e r f e r e n c e ,  i t  may be less .  



However, based on t y p i c a l  no ise  and i n t e r f e r -  
ence s i t u a t i o n s ,  1500 m i l e s  i s  a reasonable 
es t ima te  o f  t h e  r e l i a b l e  groundwave range o f  
Loran-C s i g n a l s  f rom a s t a t i o n  hav ing  300 
k i l o w a t t s  peak pu lse  power. 

The a b i l i t y  o f  t h e  Loran-C t i m i n g  r e -  
c e i v e r  t o  i n d i c a t e  accura te  t ime  read ings  i s  
dependent upon t h e  r e l a t i v e  s t r e n g t h  o f  t h e  
rece ived  s i g n a l s  and t h e  l e v e l  o f  t h e  l o c a l  
no i se  i n t e r f e r e n c e .  As t h e  s igna l - to -no ise  
r a t i o  decreases, t h e  performance o f  t h e  r e -  
c e i v e r  decreases. As a r e s u l t ,  accuracy 
d e t e r i o r a t e s  a t  r e c e i v e r  l o c a t i o n s  f a r  away 
from t h e  s t a t i o n s .  For t i m i n g  purposes, 
1 ong-term averag i  ng may be employed t o  reduce 
e r r o r s .  

9.4 WHAT DO WE GET FROM LORAN-C? 

Loran-C uses several  modu la t ion  tech-  
niques t o  improve i t s  use f o r  nav iga t ion .  
These t r a n s l a t e  d i r e c t l y  i n t o  an a b i l i t y  t o  
disseminate bo th  f requency and t ime w i t h  
g rea te r  accuracy. Foremost among i t s  charac- 
t e r i s t i c s  i s  t h e  f a c t  t h a t  t h e  s i g n a l s  a re  
t r a n s m i t t e d  as pulses--and pu lses  a t  a c a r r i e r  
f requency as low as 100 kHz a re  unusual. 

,-PULSE ENVELOPE SHAPE = t2e 21'65, t IN MICROSECONDS 

9.3.2 SKYWAVE SIGNAL RANGE 

r a d i a t e s  upward from t h e  t r a n s m i t t i n g  antenna 
and i s  r e f l e c t e d  from t h e  e l e c t r i f i e d  l a y e r  
o f  t h e  atmosphere known as t h e  ionosphere. 
Th is  s i g n a l  i s  c a l l e d  t h e  skywave. I f  t h e  
groundwave s i g n a l  has t r a v e l e d  a l o n g  d i s t -  
ance, i t  w i l l  be reduced i n  ampl i tude and 
weakened. The r e c e i v e r  w i l l  p i c k  up bo th  t h e  
groundwave and t h e  skywave s igna ls .  The 
r e c e i v e r  cannot e a s i l y  l o c k  t o  t h e  groundwave 
because i t  . i s  weak and no isy ,  so i t  w i l l  l o c k  
t o  t h e  skywave s i g n a l .  

Bu t  t h e  skywave s igna l  "moves" around 
because i t  i s  r e f l e c t e d  o f f  t h e  ionosphere. 
Th is  movement i s  caused by  t h e  corresponding 
mot ion  o f  t h e  ionosphere due t o  t h e  a c t i o n  o f  
t h e  sun. The most pronounced e f f e c t s  occur a t  
sun r i se  and sunset, b u t  t h e r e  a re  a l s o  sma l le r  
changes throughout t h e  day and n i g h t .  Each o f  
these p a t h  changes looks  l i k e  a change i n  t h e  
s i g n a l  phase a t  t h e  r e c e i v i n g  p o i n t .  

Because t h e  skywave s i g n a l s  a re  s t ronger  
than groundwave s i g n a l s  a t  g r e a t  d is tances ,  
skywave lock-on i s  p o s s i b l e  a t  d is tances  
beyond where t h e  groundwave s i g n a l s  can be 
received. A s t r o n g  skywave s i g n a l  a l l ows  t h e  
r e c e i v e r  t o  average and reproduce i t s  skywave 
phase p l o t  day a f t e r  day. What we a re  say ing  
i s  t h a t ,  even though t h e  skywave s i g n a l  moves 
around, i t  does so i n  a p r e d i c t a b l e  way. Wi th  
good record-  keepi ng , t h e  s kywaves can y i  e l  d 
ve ry  good t ime  and frequency data. 

The nex t  s e c t i o n  w i l l  e x p l a i n  how Loran 
works and how i t  can be used f o r  t im ing .  Keep 
i n  mind t h a t  Loran can supply h i g h  accuracy 
f requency and t ime  c a l i b r a t i o n s ,  b u t  under 
weak o r  no i sy  s i g n a l  cond i t i ons ,  c y c l e  selec- 
t i o n  i s  d i f f i c u l t  and requ i res  a s k i l l e d  oper- 
a t o r .  I f  t h i s  extreme t i m i n g  accuracy i s  n o t  
requ i red ,  o t h e r  techniques should be examined. 

FIGURE 9.7. THE 100 kHz LORAN-C PULSE. 

Why does Loran use pu lses? The accuracy 
o f  t h e  system i s  based on the  f a c t  t h a t  t h e  
e a r l y  p a r t  o f  t h e  pu lse- - the  one t h a t  leaves 
t h e  t r a n s m i t t e r  f i r s t - - w i l l  t r a v e l  a long t h e  
ground and a r r i v e  be fo re  t h e  l e s s  s t a b l e  sky- 
wave pu lse  t h a t  bounces o f f  t h e  ionosphere-- 
so, t h e  groundwaves and skywaves can be s o r t e d  
o u t  a t  t h e  rece ive r .  I f  your  l o c a t i o n  o r  
recep t ion  c o n d i t i o n s  do n o t  p e r m i t  groundwave 
r e c e p t i o n  and use, t he  t i m i n g  accuracy 
achieved by us ing  skywaves may be many t imes 
worse. But ,  even w i t h  skywaves, f requency 
c a l i b r a t i o n  accuracy i s  s t i l l  ve ry  good. 

9.4.1 SIGNAL CHARACTERISTICS 

I n  a d d i t i o n  t o  t r a n s m i t t i n g  pu lses  f o r  
separa t ion  o f  ground and skywave s igna ls ,  t he  
pu lses  a re  t r a n s m i t t e d  i n  groups f o r  i d e n t i f i -  
c a t i o n  o f  t he  p a r t i c u l a r  s t a t i o n  be ing  r e -  
ceived. The s lave  s t a t i o n s  i n  a p a r t i c u l a r  
Loran-C cha in  t r a n s m i t  e i g h t  pu lses  t o  a 
group. For i d e n t i f i c a t i o n ,  t h e  master s t a t i o n  
t r a n s m i t s  a n i n t h  pu l se  i n  each group. 

Loran s t a t i o n  i d e n t i f i c a t i o n  i s  a l s o  
a ided by separa te l y  phase-coding t h e  master 
and s lave  pu lses .  Each group o f  pu lses  i s  
coded by a phase reve rsa l  process which en- 
ables t h e  r e c e i v e r  t o  e l i m i n a t e  c e r t a i n  types  
o f  i n te r fe rence .  Also,  s ince  a l l  Loran-C's 
broadcast a t  100 kHz, i t  i s  p o s s i b l e  t o  re -  
ce i ve  many d i f f e r e n t  Loran chains a t  t h e  same 
t ime. Therefore,  t he  pu lses  i n  each cha in  a r e  
t r a n s m i t t e d  a t  s l i g h t l y  d i f f e r e n t  r a t e s  so t h e  
r e c e i v e r  can d i s t i n g u i s h  between them. 
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F I G U R E  9.8. I N S T R U M E N T A T I O N  FOR U T I L I Z I N G  P U L S E S  W I T H I N  T H E  
LORAN-C P U L S E  GROUPS. 

A l l  these s u b t l e  d i f f e rences  i n  t rans -  
m iss ion  pu lse  r a t e s  g i v e  r i s e  t o  the  need f o r  
a f a i r l y  complex r e c e i v i n g  system. Al though 
r e l a t i v e l y  s imple Loran-C n a v i g a t i o n  equipment 
e x i s t s ,  t he  use o f  Loran-C f o r  t i m i n g  r e q u i r e s  
g r e a t e r  i n t e r a c t i o n  by the  operator .  As might  
be expected, t h e  c o s t  o f  r e c e i v i n g  equipment 
i s  h ighe r  than l e s s  complex VLF o r  h igh  f r e -  
quency r a d i o  equipment. Manual s i g n a l  lock-on,  
which i s  requi ,*ed w i t h  some Loran-C r e c e i v e r s ,  
means t h a t  t h e  operator  s k i l l  r e q u i r e d  i s  
f a i r l y  h igh.  S t i l l ,  once the  equipment i s  
i n s t a l l e d  and the  opera to r  ga ins a l i t t l e  
exper ience, t he  r e s u l t s  can be e x c e p t i o n a l l y  
accurate.  As a f requency and t i m e  c a l i b r a t i o n  
system, Loran-C i s  almost unequaled. 

F igu re  9.10 shows how s i g n a l s  f rom a 
Loran-C cha in  are timed. P lus and minus s igns 
over i n d i v i d u a l  pu lses i n d i c a t e  t h e  phase 
code, where (+) represents  a r e l a t i v e  phase 
o f  Oo and (-> represents  180°. A l l  master 
s t a t i o n s  a re  phase-coded one way, and a l l  
s laves are phase-coded another.  

9.4.2 T I M E  SETTING 

To make t ime  c a l i b r a t i o n s ,  t he  user o f  
Loran-C must take i n t o  account t h e  f a c t  t h a t  
t he  pu lse  r e p e t i t i o n  r a t e s  used are n o t  a t  one 
p u l s e  p e r  second, nor  are they a convenient 

LORAN-C NAVIGATION CHAIN 

SLAVE X T  

T I M I N G  OF LORAN-C S I G N A L S  

y- MASTER IDENTIFIER 

SLAVE X SLkVE 1- 
TT tTtltt1 I tt 

1 1 1 1 1 1 I I  I I I I L I I I  I I I I I I I I  I 

ROUP INTERVAL A 
+ X EMISSION 

Y EMISSION DELAY 
GRP 

(SS$,,GPR=lOO,OOO~s) 
ONE FRAME 

F I G U R E  9.9. T I M I N G  O F  L O R A N - C  S I G N A L S .  
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F I G U R E  9-10.  S T E P S  I N  L O C K I N G  ONTO A LORAN-C 
S I G N A L :  T H E  P U L S E S  SHOULD BE 
C L E A R L Y  V I S I B L E  ABOVE T H E  N O I S E ,  
AS I N  ( A ) .  ( B )  MOVE T H E  P U L S E S  
T O  T H E  L E F T  AND I N C R E A S E  ' S C O P E  
SWEEP S P E E D  TO 1 ms/cm.  ( C )  SHO 
T H E  F I R S T  OF T H E  E I G H T  P U L S E S  AT 
F A S T E R  ' S C O P E  SWEEP S P E E D .  NOTE 
T H A T  T H E  S I N E  WAVES ARE DOUBLED,  
I N D I C A T I N G  L A C K  OF C O D I N G .  ( D )  
R E S O L V E  T H I S  BY A D J U S T I N G  R E C E I V  
( E )  SHOWS T H E  F I N A L  S T A G E  O F  P U L  
P O S I T I O N I N G  W I T H  T H E  B R I G H T  SPOT 
ON T H E  WAVEFORM A S  T H E  R E C E I V E R  
T R A C K I N G  P O I N T .  

IWS 
A 

' E R .  
SE 
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m u l t i p l e  t h e r e o f .  Ins tead,  a t i m e  o f  c o i n c i -  
dence, TOC (when a Loran pu lse  co inc ides  w i t h  
a one-second pu lse)  may occur as i n f r e q u e n t l y  
as every s i x t e e n  minutes. A f t e r  t h e  r e c e i v e r  
i s  locked t o  t h e  incoming s i g n a l ,  t h e  one 
pulse-per-second t i m i n g  ou tpu t  must be syn- 
chronized a t  t h e  t i m e  o f  coincidence. Th is  i s  
done by pushing a b u t t o n  on t h e  r e c e i v e r  j u s t  
be fo re  t h e  c o r r e c t  second a r r i v e s .  Assuming 
power i s  n o t  l o s t ,  and t h e  r e c e i v e r  does n o t  
l o s e  l o c k ,  t h e  t i m i n g  pulses w i l l  s tay  "on 
t ime."  It i s  impor tan t  t o  keep a b a t t e r y  
supply connected t o  t h e  r e c e i v e r  t o  p reven t  
l o s s  o f  synch ron iza t i on  i n  case o f  power 
outages. 

Loran-C i s  most o f t e n  used when t h e  
r e q u i r e d  t i m i n g  accurac ies are equal t o  o r  
b e t t e r  than t e n  microseconds. Remember t h a t  
any user o f  a t i m i n g  system t h a t  p rov ides  
accurac ies o f  t h i s  o rde r  must take  i n t o  
account p a t h  and equipment delays. I n  addi -  
t i o n ,  he must pay very c lose  a t t e n t i o n  t o  how 
t h e  r e c e i v i n g  equipment i s  mainta ined and 
have t h e  necessary b a t t e r y  backups. Simply 
s ta ted ,  as w i t h  any scheme f o r  t ime and f r e -  
quency c a l i b r a t i o n s ,  i f  you are  l o o k i n g  f o r  
h i g h  accurac ies,  you must be w i l l i n g  t o  pay 
t h e  p r i c e  i n  equipment complex i ty  and 
opera to r  a t t e n t i o n .  

The most d i f f i c u l t  p a r t  o f  Loran-C t i m i n g  
i s  recogn iz ing  t h e  sample p o i n t  where t h e  re -  
c e i v e r  i s  locked onto t h e  s i g n a l .  Since 
Loran-C operates a t  100 kHz, i t  i s  p o s s i b l e  t o  
l o c k  onto c a r r i e r  zero c ross ings  separated by 
t h e  10 microsecond per iod .  An o s c i l l o s c o p e  
d i s p l a y  o f  Loran-C pulses i s  h e l p f u l  and under 
no isy  cond i t ions ,  i t  i s  o f  g r e a t  ass is tance t o  
t h e  opera to r  t o  have a g r a p h i c a l  p l o t  made o f  
t h e  rece ived  pu lse  showing t h e  exact  p o s i t i o n  
o f  t h e  sample p o i n t .  Some r e c e i v i n g  equipment 
s o l d  f o r  Loran t i m i n g  u s u a l l y  incorpora tes  
t h i s  p l o t t i n g  c a p a b i l i t y .  

S e t t i n g  Local Time. 

I n  a t i m i n g  system, i t  i s  o f t e n  conveni- 
e n t  o r  necessary t o  operate "on t i m e "  r a t h e r  
than s imply  w i t h  a known t ime o f f s e t .  The 
equipment needed i s  b a s i c a l l y  a c l o c k  t h a t  has 
a d i s p l a y  f o r  t h e  t ime-of -day readout. 

The f o l l o w i n g  steps show how t o  synchro- 
n i z e  l o c a l  t ime by Loran-C: 

1. 

2. 

Obta in  a coarse c l o c k  synchroniza- 
t i o n  t o  UTC by re fe rence  t o  W. 
Al low f o r  propagat ion and r e c e i v e r  
delays i f  known. 

Acquire and t r a c k  a Loran-C t rans-  
m iss ion  f r o m  e i t h e r  a s lave  o r  
master t r a n s m i t t e r .  

3. On an upcoming t ime-of -co inc idence 
(TOC), operate t h e  c lock-sync con- 
t r o l s  so t h a t  c l o c k  c i r c u i t s  w i l l  
synchronize t h e  i n t e r n a l  r e c e i v e r  
t i m e  s i g n a l  when t h e  TOC occurs. 

Using Loran-C emission and propaga- 
t i o n  delay f i g u r e s  ( a v a i l a b l e ,  
a long  w i t h  TOC t a b l e s ,  f rom USNO, 
Time Serv ices D i v i s i o n ,  Washington, 
DC 20390) and t h e  r e c e i v e r  de lay 
f r o m  t h e  o p e r a t i n g  manual, t h e  
c l o c k  t i m e  can be c o r r e c t e d  t o  be 
"on t ime. I' 

4. 

This  completes synchronizat ion.  Subse- 
quent "one-second" pu lses from t h e  r e c e i v e r  
w i l l  be "on t ime . "  

9.4.3 FREQUENCY CALIBRATIONS USING LORAN-C 

Frequency c a l i b r a t i o n  us ing  Loran-C i s  
l e s s  compl icated than t ime recovery,  b u t  the  
opera to r  must s t i l l  acqu i re  t h e  s t a t i o n  and 
l o c k  t h e  r e c e i v e r  t o  a c o r r e c t  ope ra t i ng  
p o i n t .  Under no isy  r e c e p t i o n  cond i t ions ,  t h e  
o s c i l l o s c o p e  d i s p l a y  o f  t h e  rece ived  pulses 
may be t o o  no isy  t o  a l l o w  t h e  t r a c k i n g  p o i n t  
t o  be p o s i t i o n e d  accura te ly .  Unless t h e  
opera to r  can i d e n t i f y  e i g h t  pu lses,  t h e  
r e c e i v e r  may f a i l  t o  l o c k  because o f  t h e  
i n h e r e n t  phase coding. 

Assumi ng t h a t  1 oc k-on has been acqui red,  
t h e  r e c e i v e r  w i l l  t r a c k  t h e  l o c a l  o s c i l l a t o r  
a g a i n s t  t h e  rece ived  s i g n a l  and produce a 
phase p l o t .  The c h a r t  then s imply  represents  
t h e  bea t  note between a l o c a l  standard and 
t h e  rece ived  Loran s igna ls .  

How t o  Measure Frequency. 

The frequency o f  a l o c a l  f requency s tan-  
dard i s  measured i n  two  steps. F i r s t ,  a 
phase- t rack ing record  i s  prepared us ing  t h e  
s i g n a l  r a d i a t e d  by a synchronized Loran-C 
t r a n s m i t t e r .  The record  should cover a p e r i o d  
t h a t  i s  app rop r ia te  t o  t h e  d e s i r e d  measurement 
accuracy. For example, i n  most l o c a t i o n s ,  a 
groundwave phase r e c o r d  extending over twenty- 
f o u r  hours i s  adequate f o r  r e l a t i v e  f requency 
de te rm ina t ions  hav ing a probable e r r o r  o f  one 
o r  two p a r t s  i n  l o l l  t o  10 l2 .  Shor te r  pe r iods  
may be used--or t h e  skywave r a t h e r  than t h e  
groundwave may be tracked--when extreme accu- 
r a c y  i s  n o t  needed. 

The second s tep  i s  t o  reduce t h e  data 
p rov ided  by t h e  r e c o r d  t o  y i e l d  frequency 
d i f f e r e n c e .  The bas ic  express ion used f o r  
t h i s  purpose, as discussed i n  Chapter 3, i s :  
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0800 1200 1600 2000 0000 0400 0800 1200 1600 

2.5 MHz STANDARD VS CAPE FEAR LORAN-Cy 1/4"/Hr 10 us FULL SCALE 

FIGURE 9.11. SAMPLE RECORD OF RECEIVED LORAN-C S IGNAL,  NOON SEPTEMBER 26 
THROUGH NOON SEPTEMBER 27, 17.65 MICROSECONDS. 

where A f / f  i s  t h e  r e l a t i v e  f requency o f  t h e  
l o c a l  f requency source, and tl and t2 are 
i n i t i a l  and f i n a l  phase o r  t ime  d i f f e r e n c e s ,  
r e s p e c t i v e l y ,  obta ined from t h e  r e c o r d  over 
t h e  averaging t ime  i n t e r v a l ,  T. 

A sample phase reco rd  i s  shown i n  f i g u r e  
9.12. Here we see t h a t  t h e  r e l a t i v e  phase 
between t h e  l o c a l  s tandard and the  Cape Fear 
Loran-C s i g n a l  stood a t  tl = 4.25 microseconds 
a t  noon. A t  t h e  f o l l o w i n g  noon (86,400 sec- 
onds l a t e r ) ,  t h e  r e l a t i v e  t ime  had moved 
across the  c h a r t  once and then t o  5.9 micro- 
seconds. Thus, t h e  r e l a t i v e  f requency d i f -  
ference f o r  t h e  i n d i c a t e d  twen ty - fou r  hour 
p e r i o d  was: 

1 af = - = -( -(3.45 + 10 + 4.1) 

f T 8.64 x l o l o  

-10 = 2.03 x 10 

9.5 HOW GOOD IS LORAN-C? 

The frequency and t ime  se rv i ces  p rov ided  
by Loran-C a re  capable o f  p r o v i d i n g  c a l i b r a -  

t i o n s  a t  very  h igh  accuracy l e v e l s .  O f  
course the  accuracy achieved w i l l  depend on 
propagat ion cond i t i ons ,  t he  p a t h  f rom t h e  
t r a n s m i t t e r  t o  t h e  user,  and the  l e n g t h  o f  
t ime over which the  measurements are 
averaged. 

A t  t h i s  w r i t i n g ,  Loran-C i s  one o f  t he  
p r i n c i p a l  methods o f  in tercompar ing t h e  
atomic standards a t  t h e  NBS, t h e  USNO and t h e  
Na t iona l  Research Counci l  i n  Canada. Th is  
scheme i s  a l s o  extended t o  t h e  European Loran 
network and a f f o r d s  a means f o r  t h e  BIH 
(Pa r i s )  t o  compare a l l  o f  t he  w o r l d ' s  main 
t ime  scales.  The r e s u l t s  repo r ted  f o r  t h i s  
system o f  in tercompar ison a re  impressive--  
approaching 1 p a r t  i n  1013 over severa l  
months. 

Typ ica l  values f o r  groundwave r e c e p t i o n  
over l and  cou ld  e a s i l y  approach a few p a r t s  
i n  1OI2 f o r  a one-day average. Cor rec t i ons  
t o  Loran data a re  p rov ided  by t h e  USNO, and 
t h e  NBS a l s o  moni tors  and r e p o r t s  d a i l y  Loran 
phase readings. Users who want very accurate 
r e s u l t s  from Loran-C must c o r r e c t  t he  
observed da ta  by us ing  t h e  pub l i shed  data.  
Th is  i n f o r m a t i o n  i s  a v a i l a b l e  by TWX on a 
d a i l y  b a s i s  f rom t h e  USNO o r  by ma i l  weekly 
f rom t h e  USNO and monthly f rom NBS. 
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9.5.1 GROUNDWAVE ACCURACY 

For t i m i n g ,  t h e  accuracy o f  t h e  ground- 
wave a t  a p a r t i c u l a r  l o c a t i o n  depends upon 
severa l  f a c t o r s  t h a t  c o n t r i b u t e  t o  t h e  e r r o r s  
i n  t h e  measurements. The approximate e r r o r s  
are:  

1. E r r o r  i n  t r a n s m i t t e d  s i g n a l ,  0 .2  

2 .  E r r o r s  caused by propagat ion  pa th ,  
up t o  0 .2 microseconds over water ;  
up t o  1 microsecond over land. 

t y p i c a l .  

4. E r r o r s  caused by atmospheric no ise  
and i n t e r f e r e n c e ,  up t o  0.5 micro- 
second f o r  i n t e r f e r e n c e .  Longer 
averag ing  t imes can be used w i t h  
n o i s y  s igna ls .  

microseconds. 

3. Receiver e r r o r s ,  0.02 microsecond 

9.5.2 SKYWAVE ACCURACY 

A t  f requenc ies  near 100 kHz, skywave 
s t a b i l i t y  depends on t h e  r e f l e c t i n g  medium-- 
t h e  ionosphere. Frequent ly ,  t h e  ionosphere 
causes smal l  s i g n a l  ampl i tude fades o r  phase 
v a r i a t i o n s  f o r  l o n g  pe r iods  d u r i n g  t o t a l  day- 

l i g h t  on t h e  path.  As a general  r u l e ,  expec- 
t e d  one- o r  two-hop skywave s t a b i l i t y  i s  
approx imate ly  severa l  microseconds and i s  
q u i t e  usab le  f o r  t im ing .  

9.6 ARE THE DATA VALID? 

The Loran-C groundwave, u n l i k e  o t h e r  VLF 
o r  LF t ransmiss ions  t h a t  a re  used f o r  frequen- 
c y  c a l i b r a t i o n ,  has no c h a r a c t e r i s t i c  phase 
s igna tu re  such as t h e  d i u r n a l  phase s h i f t  o f  
t h e  skywave a t  VLF o r  t h e  WVB-type o f  p e r i -  
o d i c  phase o f f s e t  and r e t u r n .  I f ,  i n  the  
absence o f  " b u i l t - i n "  phase d is tu rbances  o f  
t h i s  t ype ,  s u b s t a n t i a t i o n  o f  t h e  Loran phase 
reco rd  i s  des i red ,  i t  can be accomplished i n  
two ways : 

1. Some Loran rece ive rs  p r o v i d e  f o r  a 
s i g n a l  envelope reco rd  showing t h e  
p o s i t i o n  o f  t r a c k i n g  p o i n t s  t h a t  
can be made on a second c h a r t  
recorder .  See f i g u r e  9.13. 

2. A concur ren t  reco rd  o f  s i g n a l  ampl i -  
tude can be made. However, t h i s  
does n o t  p rov ide  evidence o f  t r a c k -  
i n g  as c l e a r l y  as t h e  r e c y c l i n g  
envelope t r a c e  suggested above. 

Shown a re  two p l o t s  o f  t h e  rece ived  Loran 
pu lse .  No t i ce  t h e  sample p o i n t  where t h e  

/TRACKING POINT 
A T  E N D  O F  S E C O N D  
CYCLE 

FIGURE 9.12. P L O T  OF T H E  R E C E I V E D  LORAN-C S I G N A L .  
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receiver i s  tracking the signal. AlthouGh 
this method does not always guarantee cycle 
count, i t  a t  least  will allow the operator t o  
reset  the receiver a t  the same point a f te r  the 
signal i s  lost  and reacquired. 

9 . 7  SUMMARY 

Loran-C broadcasts provide an excellent 
source o f  signals for bo th  frequency calibra- 
tions and time recovery. Loran may n o t  be the 
best choice for a l l  users, especially those 
who have only routine low-to-medium accuracy 
calibrations t o  perform. Balanced against 
t h i s ,  however, i s  the fact  that  there are t o  
be a number of chains in operation and the 
signal strength will be high. I t  can also be 
expected that  more Loran manufacturers will 

enter the marketplace. This should provide 
lower cost instruments that are easier to 
operate. 

Like a l l  other services described in th i s  
book, Loran-C requires that  the operator 
expend more e f for t  for very accurate resul ts .  
This i s  especially true for accurate time 
recovery--the user must n o t  confuse the 
resolving power of  Loran-C ( in  the nanosecond 
region) with the accuracy ( 1  t o  2 microsec- 
onds) that  the average user can achieve. I t  
i s  also worth repeating the suggestion t o  any 
potential user of  Loran-C (or any other ser- 
vice) t o  use the manufacturer's published 
material. If any doubts ex is t ,  t ry  t o  obtain 
a receiver on loan and gain some first-hand 
experience before investing in any technique 
for  time and frequency calibration. 
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CHAPTER 10. SATELLITE METHODS OF TIME AND FREQUENCY DISSEMINATION 

For many years  people have r e a l i z e d  t h a t  
an e a r t h  s a t e l l i t e  would be t h e  n e a r l y  i d e a l  
way t o  b roadcas t  r a d i o  s i g n a l s  f o r  t ime  and 
frequency c a l i b r a t i o n s .  A t  t h i s  w r i t i n g ,  two 
systems a re  opera t i ona l  and another i s  be ing  
planned. 

NBS prov ides  a cont inuous t ime  code v i a  
t h e  GOES (Geosta t ionary  Opera t iona l  Environ- 
mental S a t e l l i t e )  s a t e l l i t e s .  The U. s. Navy 
operates t h e  TRANSIT s e r i e s  o f  n a v i g a t i o n  
s a t e l l i t e s  w i th  major  p a r t i c i p a t i o n  by t h e  
App l i ed  Physics Laboratory o f  t h e  Johns Hop- 
k i n s  U n i v e r s i t y  and t h e  U. s. Naval Observa- 
t o r y .  The o p e r a t i o n  o f  these two systems w i l l  
be exp la ined  i n  t h i s  chapter.  

I n  a d d i t i o n  t o  GOES and TRANSIT, t h e  
proposed Global  P o s i t i o n i n g  Sate1 1 i t e  System 
(GPS) i s  i n  t h e  exper imental  stage. When i t  
becomes opera t i ona l ,  i t  w i l l  o f f e r  users 
severa l  advantages. F i r s t ,  i t s  f requency 
band, s i g n a l  s t reng th ,  and t h e  use o f  s t a t e -  
o f - t h e - a r t  atomic o s c i l l a t o r s  on board each o f  
t h e  planned 24 s a t e l l i t e s  w i l l  a l l o w  h igh-  
accuracy c a l i b r a t i o n s .  Second, i t s  p r e d i c t e d  
p o p u l a r i t y  should make a v a i l a b l e  a l i n e  o f  
equipment t h a t  w i l l  be v e r s a t i l e  and easy t o  
use. However, s ince  no f i r m  ope ra t i ona l  da te  
can be s p e c i f i e d ,  GPS w i l l  n o t  be covered i n  
t h i s  chapter.  

10.1 THE GOES SATELLITE T I M E  CODE 

10.1.1 BACKGROUND 

A s a t e l l i t e  s i g n a l  i s  no d i f f e r e n t  than 
any o t h e r  r a d i o  s i g n a l  so f a r  as t h e  user i s  
concerned. Table 10.1 g ives  t h e  main s p e c i f i -  
c a t i o n s  f o r  GOES. Note t h a t  i t  broadcasts i n  
t h e  UHF band (which means smal l  antennas a re  
used), t h e  system supports two s a t e l l i t e s  a t  
t h i s  t ime,  and t h e  s a t e l l i t e s  a re  n e a r l y  s ta -  
t i o n a r y .  That i s ,  i f  you p o i n t  t h e  antenna t o  
one p a r t  o f  t he  sky, you  d o n ' t  have t o  move i t  
t o  keep a s a t e l l i t e  i n  view. 

The user  should n o t  be discouraged by t h e  
d i f f e r e n c e  i n  f requency o r  t h e  opera t i ng  tech- 
niques needed f o r  f requency and t ime  c a l i b r a -  
t i o n s  us ing  GOES. I n  f a c t ,  t e s t s  have shown 
t h a t  GOES i s  one o f  t h e  e a s i e s t  se rv i ces  t o  
use and t h a t  i t  can be used i n  areas where 
o t h e r  s i g n a l s  a r e  n e a r l y  imposs ib le  t o  re -  
ce ive .  The equipment p rov ided  by manufactur- 
e r s  i s  u s u a l l y  q u i t e  s o p h i s t i c a t e d  and n e a r l y  
automat ic i n  i t s  opera t ion .  

GOES i s  an opera t i ona l  descendant o f  
NASA's A p p l i c a t i o n s  Technology S a t e l l i t e s .  

TABLE 10.1 SPECIFICATIONS FOR THE GOES 
SATELLITES 

FREQUENCY: 

POLARIZATION:  

MODULATION: 

DATA RATE: 

SATELLITE 
LOCATION: * 
SIGNAL 
STRENGTH 
AT EARTH'S 
SURFACE 
(OUTPUT FROM 
ISOTROPIC 
ANTENNA) : 

COD I NG : 

BANDWIDTH: 

468.8250 MHz (Western GOES) 
468.8375 MHz (Eastern GOES) 

RIGHT-HAND CIRCULAR 

CPSK (2  60') 

100 BPS 

135' W (Western GOES) 
75' W (Eastern GOES) 

-139 dBm 

MANCHESTER 

400 Hz 

*Other s a t e l l i t e  l o c a t i o n s  may be used occa- 
s i o n a l l y  when opera t ions  must be swi tched t o  
i n - o r b i t  spare s a t e l l i t e s .  

The GOES s a t e l l i t e s  a re  i n  o r b i t  36,000 k i l o -  
meters above t h e  equator.  They t r a v e l  a t  
about 11,000 k i l omete rs  p e r  hour and remain 
con t inuous ly  above n e a r l y  t h e  same spot  on 
ea r th .  They a re  thus  termed geos ta t ionary .  
Since they  have t h e  same reg ions  o f  e a r t h  i n  
cons tan t  view, they  can p r o v i d e  24-hour, 
cont inuous se rv i ce .  

The advantages o f  geos ta t i ona ry  s a t e l -  
l i t e s  f o r  t ime  broadcas t ing  a r e  numerous. 
They a r e  almost always i n  v iew and p r o v i d e  a 
source o f  cont inuous synchron iza t ion .  Non- 
geos ta t i ona ry  s a t e l l i t e s ,  on t h e  o t h e r  hand, 
o f f e r  exposure t o  t h e  user o n l y  f o r  s h o r t  
pe r iods  o f  t ime  a t  i n t e r v a l s  rang ing  from 
about one hour t o  many hours o r  even days. 
Thus, non-geostat ionary s a t e l l i t e  systems 
usual  l y  have a number o f  sate1 1 i t e s  i n  o r b i t .  

Because o f  t h e  bandwidth and i t s  cen te r  
f requency, t h e  GOES system operates on t h e  
techn ique o f  us ing  t ime  measurements t o  c a l i -  
b r a t e  frequency. As o t h e r  chapters i n  t h i s  
book exp la in ,  a t ime  v a r i a t i o n  can be t rans -  
l a t e d  i n t o  a frequency d i f f e r e n c e .  When t h e  
user  buys a GOES r e c e i v e r ,  he w i l l  have an 
ins t rument  t h a t  expects t h e  user t o  connect 
h i s  1 pps c l o c k  f o r  comparison. Th is  i m p l i e s  
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t h a t  t h e  user must have such a c l o c k  and main- 
t a i n  i t  w i t h  b a t t e r i e s ,  e t c . ,  i n  o rde r  t o  use 
t h e  GOES s i g n a l s .  

There i s  no th ing  t o  p reven t  manufacturers 
f rom us ing  frequency measurements d i r e c t l y  and 
from b u i l d i n g  equipment t o  do t h i s .  However, 
GOES has a time-code ou tpu t  (perhaps i t s  major 
a p p l i c a t i o n  i s  f o r  i t s  t ime code) and s ince  
the  manufacturers f e l t  t he  l a r g e s t  number o f  
users wanted the  t i m e  code, they developed 
t h e i r  equipment f o r  t ime recovery.  Frequency 
c a l i b r a t i o n s  obta ined us ing  GOES t ime data 
f a l l  i n t o  the  accuracy range from 1 p a r t  pe r  
m i l l i o n  t o  1 p a r t  i n  l o 9  ( f o r  a 1-day measure- 
ment pe r iod )  w i t h  respec t  t o  NBS, depending on 
the  s o p h i s t i c a t i o n  o f  t h e  equipment used. 

The pa th  from t h e  NBS master c l o c k  t o  t h e  
user v i a  a geos ta t i ona ry  s a t e l l i t e  i s ,  i n  
e f f e c t ,  a l i n e - o f - s i g h t  pa th  a l l o w i n g  t h e  use 
o f  h igh  c a r r i e r  f requencies t h a t  are l a r g e l y  
una f fec ted  by t h e  ionosphere and troposphere.  
This  means n e g l i g i b l e  f a d i n g  and pa th  l e n g t h  
v a r i a t i o n s  which a re  so c h a r a c t e r i s t i c  o f  
t e r r e s t r i a l  HF s i g n a l s .  The l i n e - o f - s i g h t  
pa th  a l s o  means t h a t  f r e e  space t r a n s i t  t i m e  
computations w i l l  work f o r  most t i m i n g  a p p l i -  
ca t i ons .  

The NBS master c l o c k  i s  l o c a t e d  on the  
ground r a t h e r  than i n  the  s a t e l l i t e  i t s e l f .  
The s a t e l l i t e  i s  o n l y  a "bent  p ipe "  o r  " t rans -  
ponder" used t o  r e l a y  s i g n a l s .  Th is  a l l ows  
f o r  easy c o n t r o l  and maintenance o f  t he  sys- 
tem, thus guaranteeing b e t t e r  performance and 
r e l i a b i l i t y .  

Because o f  these advantages, t he  GOES 
s a t e l l i t e  can p r o v i d e  a t ime  message, repeated 
con t inuous ly ,  t o  c locks  i n  i t s  view. It can 
c o n t r o l  t he  f requency r a t e  o f  t h e  s laved 
ground c l o c k  t o  e l i m i n a t e  the  need f o r  h igh-  
q u a l i t y  o s c i l l a t o r s  and can a l s o  p rov ide  p o s i -  
t i o n  data t o  c o r r e c t  f o r  propagat ion delays.  

10.1.2 COVERAGE 

There are t h r e e  GOES s a t e l l i t e s  i n  o r b i t ,  
two i n  ope ra t i ona l  s t a t u s  w i t h  a t h i r d  s e r v i n g  
as an i n - o r b i t  spare. The two opera t i ona l  
s a t e l l i t e s  are l oca ted  a t  135' and 75' West 
Longi tude and the  spare i s  a t  105' West Longi-  
tude. The western GOES operates on 468.825 
MHz; t he  eastern on 468.8375 MHz. The e a r t h  
coverages o f  t he  two opera t i ona l  s a t e l l i t e s  



T C  I N T E R R O G A T I O N  T C  I N T E R R O G A T I O N  T C  I N T E R R O G A T ' O N  
W O R D  M E S S A G E  W O R D  M E S S A G E  W O R D  M E S S A G E  
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T C  I N T E R R O G A T I O N  
WORD M E S S A G E  

TIME CODE F R A M E ~ C O N S I S T I N G  O F :  

I S Y N C  
W O R O  

* S Y N C H R O N I Z A T I O N  WORD 
.DAYS.  H O U R S ,  M I N U T E S .  S E C O N D S  
. U N I V E R S A L  T I M E  C O R R E C T I O N  

O F  L O N G  L A T  R A D  E X P E R I M E N T A L  U S E  Y E A R  

* S A T E L L I T E  P O S I T I O N  

T I M E  P O S I T I O N  
C O R R E C T I O N S  

FIGURE 10.2 INTERROGATION CHANNEL FORMAT. 

4 0  B I T S  3 2  8 20 ? 6  1 6  108  

B E G I N S  ON 
00 A N 0  3 0  
S E C O N D S  U T C  

FIGURE 10.3 TIME CODE FORMAT 

a re  shown i n  f i g u r e  10.1. The heavy ova l  
l i n e s  ove r lap  t h e  p o i n t s  on e a r t h  where each 
s a t e l l i t e  i s  7' above t h e  hor izon .  The 
l i g h t e r  l i n e s  represent  a 3' e l e v a t i o n  angle. 

10.1.3 SIGNAL CHARACTERISTICS 

The s igna l  c h a r a c t e r i s t i c s  a re  summarized 
below. The two s a t e l l i t e  s i g n a l s  a re  bo th  
r i gh t -hand  c i r c u l a r l y  p o l a r i z e d  and separated 
i n  f requency by 12.5 kHz. The da ta  r a t e  i s  
100 b/s r e q u i r i n g  400 Hz o f  bandwidth. The 
da ta  a re  Manchester coded and phase modulate 
t h e  c a r r i e r  ? 6 0 ° ,  thus  p r o v i d i n g  a c a r r i e r  
f o r  t h e  a p p l i c a t i o n  o f  convent iona l  phase- lock 
demodulat ion techniques. 

The main purpose o f  t h e  GOES s a t e l l i t e s  
i s  t o  c o l l e c t  environmental  da ta  f rom remote 
ground sensors. The t ime  code was added t o  
p r o v i d e  t ime and a da te  t o  t h e  c o l l e c t e d  data. 

10.1.4 TIME CODE FORMAT 

The t ime  code i s  p a r t  o f  t h e  i n t e r r o g a -  
t i o n  channel which i s  used t o  communicate w i t h  
t h e  remote environmental  sensors. I n te r roga -  

t i o n  messages are  con t inuous ly  be ing  re layed  
th rough t h e  GOES s a t e l l i t e s .  The fo rmat  o f  
t h e  messages i s  shown i n  f i g u r e  10.2. 

Each i n t e r r o g a t i o n  message i s  one- ha1 f 
second i n  l e n g t h  o r  50 b i t s .  The da ta  r a t e  i s  
100 b/s. The time-code frame begins on the  
one-ha l f  minute and takes 30 seconds t o  com- 
p l e t e  (see f i g u r e  10.3). S i x t y  i n t e r r o g a t i o n  
messages a re  r e q u i r e d  t o  send the  60 BCD 
time-code words c o n s t i t u t i n g  a time-code 
frame. 

The time-code frame conta ins  a synchro- 
n i z a t i o n  word, a t ime-o f -year  word (UTC), t h e  
UT1 c o r r e c t i o n ,  and t h e  s a t e l l i t e ' s  p o s i t i o n  
i n  terms o f  i t s  l a t i t u d e ,  l ong i tude ,  and 
h e i g h t  above t h e  e a r t h ' s  sur face  minus a b i a s  
o f  119,3000 microseconds. The p o s i t i o n  i n f o r -  
mat ion  i s  p r e s e n t l y  updated every 4 minutes. 

As shown i n  f i g u r e  10.2,  an i n t e r r o g a t i o n  
message conta ins  more than t i m i n g  i n fo rma t ion .  
A complete message cons is t s  o f  f o u r  b i t s  
rep resen t ing  a BCD t ime  code word fo l l owed  by 
a maximum l e n g t h  sequence (MLS) 15 b i t s  i n  
l e n g t h  f o r  message synchron iza t ion ,  and ends 
w i t h  31 b i t s  as an address f o r  a p a r t i c u l a r  
remote weather da ta  sensor. 
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FIGURE 10.4. WESTERN SATELLITE POINTING ANGLES. 
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FIGURE 10.5. EASTERN SATELLITE POINTING ANGLES. 
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LONGITUDE 

LONGITUDE 

FIGURE 10.6. WESTERN S A T E L L I T E  MEAN DELAYS. 

For total delay, add 133.5 ms to downlink delays shown. 

LONGITUDE 

LONG I TUDE 

FIGURE 10.7. EASTERN S A T E L L I T E  MEAN DELAYS 

F o r  total delay, add 124.5 ms to downlink delays shown 
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10.1.5 ANTENNA POINTING 

P o i n t i n g  an antenna t o  e i t h e r  s a t e l l i t e  
i s  r e l a t i v e l y  simple. Because o f  t he  l a r g e  
beamwidths o f  low-gain antennas (< 10 dB), 
p o i n t i n g  i n t o  the  general  d i r e c t i o n  o f  t h e  
s a t e l l i t e  i s  u s u a l l y  s u f f i c i e n t .  However, 
t h e  antenna must be l o c a t e d  so it has an 
unobstructed pa th  t o  t he  s a t e l l i t e .  F igures 
10.4 and 10.5 p rov ide  d e t a i l e d  i n f o r m a t i o n  f o r  
antenna p o i n t i n g  w i t h  e l e v a t i o n  and azimuth 
angles prov ided.  For example, t he  p o i n t i n g  
d i r e c t i o n s  t o  the  eastern s a t e l l i t e  from San 
Francisco can be obta ined f r o m  f i g u r e  10.5 as 
approx imate ly  119' azimuth and 24' e l e v a t i o n .  
S a t e l l i t e  p o s i t i o n s  may change w i t h  t ime. 
Users should check the  monthly NBS Time and 
Frequency B u l l e t i n  f o r  c u r r e n t  s t a t u s .  

10.1.6 PERFORMANCE 

The GOES t ime code can be used a t  t h r e e  
l e v e l s  o f  performance: uncorrected, co r rec ted  
f o r  mean pa th  delay on ly ,  and f u l l y  corrected.  

A. Uncorrected 

The pa th  de;?y from p o i n t  o f  o r i g i n  
(Wallops I s l a n d ,  V i r g i n i a )  t o  t he  e a r t h  v i a  
the  s a t e l l i t e  i s  approx imate ly  260,000 micro- 
seconds. Since the  s i g n a l s  a re  advanced i n  
t ime  by t h i s  va lue be fo re  t ransmiss ion  from 
Wallops I s l a n d ,  they a r r i v e  a t  t he  e a r t h ' s  
sur face n e a r l y  on t ime ( w i t h i n  16 m i l l i s e c -  
onds). 

B. Corrected f o r  Mean Path Delay 

Account ing f o r  t he  mean pa th  delay t o  any 
p o i n t  on the  e a r t h ' s  sur face,  b u t  i g n o r i n g  t h e  
c y c l i c  (24-hour) de lay v a r i a t i o n ,  g e n e r a l l y  
guarantees t h e  s i g n a l  a r r i v a l  t ime  t o  f 0.5 
m i l l i s e c o n d .  For example, t he  mean delay t o  
San Franc isco through t h e  eas te rn  s a t e l l i t e  i s  
130.5 m i l l i s e c o n d s  downl ink ( f rom f i g u r e  10.7) 
p l u s  124.5 m i l l i s e c o n d s  u p l i n k  de lay,  f o r  a 
t o t a l  o f  255 m i l l i seconds .  Since t h e  t ime i s  
advanced by 260 m i l l i s e c o n d s  be fo re  l e a v i n g  
Wallops I s l a n d ,  t he  t i m e  a r r i v e s  a t  San 
Franc isco 5 m i l l i s e c o n d s  e a r l y .  

C. F u l l y  Corrected 

The c y c l i c  pa th  de lay v a r i a t i o n  on GOES 
i s  a r e s u l t  o f  t he  s a t e l l i t e  o r b i t  o r  pa th  
around t h e  e a r t h  n o t  be ing  p e r f e c t l y  c i r c u l a r  
and n o t  i n  the  p lane o f  t he  equator.  The 
o r b i t  i s  a c t u a l l y  an e l l i p s e  and has a smal l  
i n c l i n a t i o n - - u s u a l l y  l e s s  than lo. To compen- 

sate f o r  these and o the r  e f f e c t s ,  t h e  s a t e l -  
l i t e  p o s i t i o n  i s  i nc luded  w i t h  the  t ime mes- 
sage f o r  c o r r e c t i o n  o f  pa th  de lay by t h e  user.  
(See [18] and [19] f o r  d e t a i l s  on how t h i s  i s  
accomplished.) This  c o r r e c t i o n  prov ides pa th  
delays accurate t o  +- 10 microseconds under 
normal ope ra t i ng  cond i t i ons .  The u l t i m a t e  
accuracy o f  t he  recovered t ime depends upon 
knowledge o f  user  equipment delays and noise 
l e v e l s  as w e l l  as pa th  de lay.  

Typ ica l  de lay v a r i a t i o n s  f o r  t he  eas te rn  
s a t e l l i t e  are shown i n  f i g u r e  10.8. The 
peak-to-peak values change as the  s a t e l l i t e ' s  
i n c l i n a t i o n  and e c c e n t r i c i t y  are v a r i e d  by 
o r b i t  maneuvers and n a t u r a l  pe r tu rba t i ons .  

10.1.7 EQUIPMENT NEEDED 

A. Antennas 

Many antennas have been used by NBS w i t n  
v a r y i n g  r e s u l t s .  The bes t  performance has 
been obta ined us ing  a r i gh t -hand  c i r c u l a r l y  
p o l a r i z e d  h e l i x  antenna ( f i g .  10.9) w i t h  about 
10 dB gain.  E x c e l l e n t  r e s u l t s  have been ob- 
t a i n e d  w i t h  t h e  m i c r o s t r i p  antenna shown i n  
f i g u r e  10.10. Dipo les and loops have a l s o  
worked a t  lower l e v e l s  o f  performance. A l l  
o f  these antennas had gains i n  the  range o f  
3 t o  10 dB. 

LONGIldDf 

J 
1- 24 HOURS c 

FIGURE 10.8 TYPICAL DELAY VARIATIONS FOR 
THE EASTERN SATELLITE. 
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FIGURE 10.10. MICROSTRIP ANTENNA USED TO 
R E C E I V E  GOES TIME CODE. 

FIGURE 10.9. RIGHT-HAND CIRCULARLY POLARIZED 
HELIX ANTENNA USED TO R E C E I V E  
GOES SIGNALS. 

B. Receivers 

The NBS-bu i l t  r e c e i v e r  shown i n  f i g u r e  
10.11 i s  comple te ly  automat ic,  r e q u i r i n g  no 
t u n i n g  o r  a u x i l i a r y  equipment t o  operate. Com- 
merc ia l  vers ions  o f  t h i s  equipment a re  a l s o  
a v a i l a b l e .  For i n f o r m a t i o n  on manufacturers,  
con tac t  t h e  Time and Frequency Services Group, 
524.06, NBS, Boulder,  CO 80303. 

10.1.8 SATELLITE-CONTROLLED CLOCK 

The c l o c k  shown i n  f i g u r e  10.11 was 
designed t o  i n t e r f a c e  w i t h  a r e c e i v e r  and 
achieve b i t  and f r m e  synchron iza t ion ,  s t r i p  
t h e  t ime  code from t h e  i n t e r r o g a t i o n  message, FIGURE 10.11. GOES TIME CODE R E C E I V E R .  
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o b t a i n  t ime  code frame sync, and read the  t ime  
code message i n t o  memory. The c l o c k  then up- 
dates t h e  memory t ime  by coun t ing  cyc les  o f  
t h e  i n t e r r o g a t i o n  channel data c lock ,  a 100 Hz 
square wave, and v e r i f y i n g  i t s  memory t ime  
through c o n t i n u a l  comparisons w i t h  consecut ive 
t i m e  code messages from t h e  s a t e l l i t e  [ZO]. 

Th i s  c l o c k  was designed t o  address the  
m a j o r i t y  o f  u s e r ' s  needs a t  minimum cost .  Th i s  
c l o c k  was n o t  designed t o  "squeeze" t h e  l a s t  
b i t  o f  performance from t h e  GOES t i m i n g  sys- 
tem. The c l o c k  does n o t  d i r e c t l y  use the  
sate1 1 i t e  p o s i t i o n  data t o  c o r r e c t  i t s  ou tpu t  
b u t  can d i s p l a y  t h e  data f o r  manual computa- 
t i o n  o f  t h e  delay.  

A. Delay Cor rec t i ons  

The usefu lness o f  p o t e n t i a l l y  h i g h l y  
accurate t i m i n g  s i g n a l s  re layed  through geo- 
s t a t i o n a r y  s a t e l l i t e s  i s  compl icated by t h e  
computat ion o f  t he  propagat ion delay from the  
t r a n s m i t t e r  through t h e  s a t e l l i t e  back down t o  
t h e  r e c e i v e r .  Computation o f  t h i s  de lay i s  
u s u a l l y  accomplished through t h e  man ipu la t i on  
o f  o r b i t a l  elements. From t h e  o r b i t a l  e le -  
ments, s i x  constants  which descr ibe t h e  
s a t e l l i t e ' s  p o s i t i o n  and v e l o c i t y  a t  a g i ven  
i n s t a n t  o f  t ime, and a complete d e s c r i p t i m  o f  
p e r t u r b i n g  forces,  i t  i s  p o s s i b l e  t o  compute 
t h e  s a t e l l i t e ' s  p o s i t i o n  a t  o the r  t imes. 

Once s a t e l l i t e  p o s i t i o n  i s  known, t h e  
f r e e  space propagat ion delay t o  any r e c e i v e r  
f o l l o w s  d i r e c t l y  f rom s imple geometry. The 
computat ion o f  s a t e l l i t e  p o s i t i o n  f rom o r b i t a l  
elements, however, i s  compl icated and b e s t  
accomplished us ing  a d i g i t a l  computer. 

Th i s  t ype  o f  computat ion would be d i f f i -  
c u l t  f o r  most o f  t h e  expected users o f  t h e  
GOES t ime  code. However, NBS has developed 
programmable c a l c u l a t o r  programs, and a 
"smart"  c l o c k  which uses the  s a t e l l i t e ' s  
p o s i t i o n  t o  compute t h e  delay t o  h i g h  accu- 
racy.  

6. Programs f o r  Computing 

Free-Space Path Delay 

Several programs t o  compute the  t o t a l  
f r e e  space pa th  delay f rom Wallops I s l a n d ,  
V i r g i n i a ,  through the  s a t e l l i t e  t o  any p o i n t  
on t h e  e a r t h ' s  su r face  are a v a i l a b l e  f rom t h e  
Time and frequency Serv ices Group, 524.06, 
NBS, Boulder,  CO 80303. These programs are 
w r i t t e n  f o r  use w i t h  programmable c a l c u l a t o r s .  

10.1.9 SMART CLOCK 

A "smart" c l o c k  w i t h  r e c e i v e r  i s  shown i n  
f i g u r e  10.12. Th is  i s  e s s e n t i a l l y  an a d d i t i o n  

FIGURE 10.12. SMART CLOCK. 
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o f  a second microprocessor t o  t h e  "sate1 1 i t e -  
c o n t r o l l e d  c lock "  f o r  t h e  c a l c u l a t i o n  o f  t h e  
f ree-space propagat ion  de lay  f rom t h e  CDA t o  
t h e  c l o c k  v i a  t h e  s a t e l l i t e .  Th i s  de lay  va lue  
i s  then used w i t h  a de lay  genera tor  t o  com- 
pensate f o r  t h e  f ree-space pa th  delay.  

The "smart"  c l o c k  uses t h e  same type o f  
f o u r - b i t  microprocessor as t h e  " s a t e l l i t e -  
c o n t r o l  l e d  c lock .  I' The microprocessor i s  
i n t e r f a c e d  t o  a l a r g e  sca le  i n t e g r a t i o n  s c i -  
e n t i f i c  c a l c u l a t o r  a r r a y  (math ch ip )  t o  p ro-  
v i d e  t h e  f l o a t i n g  a r i t h m e t i c  and mathematical 
f u n c t i o n s  r e q u i r e d  i n  t h e  de lay  c a l c u l a t i o n .  
A 1 pps ou tpu t  and s a t e l l i t e  p o s i t i o n  as 
l ong i tude ,  l a t i t u d e ,  and d i s tance  from a 
re fe rence  o r b i t  i s  ob ta ined con t inuous ly  f rom 
t h e  s a t e l l i t e - c o n t r o l l e d  c l o c k  opera t i ng  on 
t h e  s a t e l l i t e ' s  t r a n s m i t t e d  i n t e r r o g a t i o n  
channel s i g n a l .  

User p o s i t i o n  i s  en tered  i n t o  t h e  system 
v i a  thumbwheel switches, and t r a n s m i t t e r  pos i -  
t i o n  (Wallops I s land ,  V i r g i n i a )  i s  con ta ined 
i n  t h e  microprocessor sof tware.  The computed 
de lay  d r i v e s  a programmable de lay  genera tor  
t o  c o r r e c t  t h e  1 pps from t h e  s a t e l l i t e  con- 
t r o l l e d  c lock .  The r e s u l t a n t  ou tpu t  f rom t h e  
programmable de lay  genera tor  i s  a compensated 
1 pps, ad jus ted  t o  be i n  agreement w i t h  t h e  
master c l o c k  a t  Wallops I s land ,  which i s  i n  
t u r n  re fe renced t o  UTC(N6S). The hardware i s  
a mu l t i p rocesso r  system c o n s i s t i n g  o f  two 
microprocessors p l u s  a s laved s c i e n t i f i c  c a l -  
c u l a t o r  c h i p  and a de lay  generator.  

a GOES 
468 'HZ 1 SATELLITES 

D I G I T A L  CLOCK 
p PROC ESSOR ( 4 0 0 4  1 

The de lay  c a l c u l a t i o n  i s  dependent on 
knowledge o f  t h e  broadcas t ing  sate1 1 i t e '  s 
p o s i t i o n .  Th is  p o s i t i o n  i s  p r e d i c t e d  i n  
advance by a l a r g e  sca le  s c i e n t i f i c  computer 
ope ra t i ng  on o r b i t a l  elements ob ta ined from 
NOAA and sent  t o  Wallops I s l a n d  v i a  te lephone 
l i n e  t o  be broadcast a long w i t h  t h e  t ime  code 
from each s a t e l l i t e .  The de lay  c o r r e c t i o n  
system w i l l  work w i t h  any s a t e l l i t e  i n  a 
synchronous o r b i t  as l o n g  as t h e  s a t e l l i t e ' s  
p o s i t i o n  i s  known. A c a l c u l a t i o n  i s  made and 
t h e  r e s u l t  i s  l a t c h e d  i n t o  t h e  de lay  genera tor  
once p e r  minute. A complete up and down de lay  
c a l c u l a t i o n  requ i res  t h e  execut ion  o f  about 
200 key s t rokes  rep resen t ing  da ta  and mathe- 
m a t i c a l  ope ra t i ons  and func t i ons  under t h e  
c o n t r o l  o f  t h e  microprocessor and i t s  assoc i -  
a t  ed t r a n s  i s t o r -  t r a n s  i s t o r- 1 og i c ( TT L ) compo- 
nents. 

A b l o c k  diagram o f  t h e  smart c lock ,  i n -  
c l u d i n g  r e c e i v e r  and antenna, i s  shown i n  
f i g u r e  10.13. The smart c l o c k  has been com- 
p l e t e l y  documented (schematics, board l ayou ts ,  
and so f tware) [ l91 .  

* * DELAY-COMPUTING S C I E N T I F I C  LATITUDE, 
RANGE . pPROCESSOR CALULATOR CHIP 

10.1.10 CLOCK CALIBRATION 

2 5 2 4 2 9  

To use t h e  GOES s i g n a l s  t o  c a l i b r a t e  o r  
s e t  another c lock ,  one needs t o  determine t h e  
r e l a t i o n s h i p  o f  t h e  s a t e l l i t e  c o n t r o l l e d  
c l o c k ' s  1 pps r e l a t i v e  t o  UTC(NBS) and t o  t h e  
c l o c k  be ing  c a l i b r a t e d .  The r e l a t i o n s h i p  

ANTENNA 

USER'S 
LONGITUDE LATITUDE 

RECEIVER 

THUMPWHEEL SWITCHES 

I 1 5 1 2  kHz 

PROGRAMMABL E 
DELAY GENERATOR 

( T T L )  
UNCORRECTED 

FOR DELAY 
1 PPS 

CORRECTED 
FOR DELAY 

FIGURE 10.13. SMART CLOCK BLOCK DIAGRAM. 
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between the  s a t e l l i t e - c o n t r o l l e d  c l o c k  and the  
c l o c k  be ing  c a l i b r a t e d  i s  u s u a l l y  determined be 260,000 ps e a r l y  w i t h  respect  t o  UTC(NBS): 
by use o f  a t i m e  i n t e r v a l  counter .  For exam- 
p l e ,  t he  c l o c k  t o  be c a l i b r a t e d  may s t a r t  t h e  
counter ,  then the  s a t e l l i t e  c o n t r o l l e d  c l o c k  
stops it. The r e l a t i o n s h i p  between UTC(NBS) WALLOPS ISLAND CLOCK - UTC(NBS) = + 260,000 ps 
and the  u s e r ' s  c l o c k  i s  then known by combin- 
i n g  t h i s  measured r e s u l t  w i t h  the  computed 
d i f f e r e n c e  between the  s a t e l l i t e  c l o c k ' s  1 pps 
and UTC( NBS) . 

An example o f  t he  c l o c k  c a l i b r a t i o n  
procedure i s  a i ven  below. The c l o c k  t o  be 

Since t h e  Wallops I s l a n d  c l o c k  i s  s e t  t o  

Then, by adding these t w o  equat ions:  

~ ~~ .. _ _  
c a l i b r a t e d  i s  - l oca ted  i n  Boulder,  Colorado, 
where the  GOES s a t e l l i t e  s i g n a l s  a re  be ing  SATELLITE CLOCK - ,,TC(NBS) = - 6,351 ps (1) 
received.  

S ignals  rece ived  i n  Boulder (105.26' W 
Longi tude and 40.00' N L a t i t u d e )  showed the  The measured t ime i n t e r v a l  between t h e  u s e r ' s  
s a t e l l i t e  l o c a t i o n  t o  be: c l o c k  and the  s a t e l l i t e  s i g n a l  i s  s t a t e d  as: 

134.92' W Longi tude 
0.38O S L a t i t u d e  

+46 ps Dis tance 

USER'S CLOCK - SATELLITE CLOCK = +6,548 p~ (2) 

Then, by adding equat ions (1) and (2): Using a c a l c u l a t o r ,  t he  f o l l o w i n g  delays a re  
c a l c u l a t e d :  

U S E R ' S  CLOCK - UTC(NBS) = + 197 p s .  (3) 

WALLOPS ISLAND TO SATELLITE 

The smart c l o c k  a u t o m a t i c a l l y  computes SATELLITE TO BOULDER 

TOTAL PATH DELAY 261 159 ps t h e  r e l a t i o n s h i p  between UTC(NBS) and t h e  
ou tpu t  o f  t h e  s a t e l l i t e - c o n t r o l l e d  c l o c k  and 
a d j u s t s  the  d i f f e r e n c e  t o  be zero;  i . e . ,  
UTC(NBS) = s a t e l l i t e - c o n t r o l l e d  c lock .  The 
c a l i b r a t i o n  us ing  t h e  smart c l o c k  i s  t h e r e f o r e  
read d i r e c t l y  from a t ime  i n t e r v a l  counter .  

133 606 p s  
127 553 ps 

To t h i s  we must add: 

MEASURED EQUIPMENT DELAY + 5 192 ps 

t o  g e t  t he  t o t a l  de lay from 
Wallops I s l a n d  t o  t h e  u s e r ' s  
s a t e l l i t e  c l o c k  1 pps. 

10.1.11 RESULTS 

More than two y e a r ' s  o f  data f rom severa l  
TOTAL DELAY: 266 351 ys  s a t e l l i t e s  have been recorded a t  NBS Boulder 

us ing  the  measurement c o n f i g u r a t i o n  shown i n  
f i g u r e  10.14. The r e s u l t s ,  on s t r i p  c h a r t  
recorders,  have been o f  t h e  form i l l u s t r a t e d  
i n  f i g u r e  10.15. The phase s h i f t  i n  t h e  
uncorrected ou tpu t  i s  c l e a r l y  ev iden t .  The 
c o r r e c t e d  ou tpu t  i s  g e n e r a l l y  a s t r a i g h t  l i n e  
s ince  the  s a t e l l i t e  p o s i t i o n  da ta  a re  updated 
everv f o u r  minutes. Remember t h a t  t he  t ime  

This  r e s u l t  can a l s o  be w r i t t e n  as: 

SATELLITE CLOCK - WALLOPS ISLAND CLOCK 

= - 266,351 ys,  code" message and p o s i t i o n  data a re  repeated 
every ha l f -m inu te  b u t  new p o s i t i o n  da ta  a re  
i n p u t  once every 4 minutes.  

where t h e  r e s u l t  i s  nega t i ve  because the  
s a t e l l i t e  c l o c k  i s  l a t e  w i t h  respec t  t o  the  The equat ion r e l a t i n g  t h e  t ime recovered 
Wallops I s l a n d  c l o c k  (see Chapter 3 f o r  s i g n  f rom the  s a t e l l i t e  t o  t h e  master c l o c k  a t  
convent ions).  Wallops I s l a n d  i s  g i ven  i n  eq. (4): 
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( C O R R E C T E D  
F R E E  S P A C E  
P A T H  D E L A Y )  

F O R  

T I M E  INTERVAL COUNTER T I M E  INTERVAL COUNTER 

l p p s  FROM 
NBS MASTER CLOCK 

D I G I T A L  T O  
ANALOG 

S T R I P  
CHART 

RECORDER 

(UNCORRECTED 

UTC(NBS) - SAT/USER 

1 

= (UTC - CDA) 

UTC(NBS) -SAT/NBS 

F I G U R E  10.14. MEASUREMENT OF GOES SIGNALS. 

c locks  t o  Loran-C and TV Line-10. Th is  te rm 
w i l l  be c o n t r o l l e d  i n  t h e  nex t  generator 

2 system t o  be i n s t a l l e d  a t  Wallops I s l a n d  t o  
f 3 microseconds o r  b e t t e r .  Terms 2, 4, 5 and 
6 a re  expected t o  remain cons tan ts  a t  t h e  few 
microseconds l e v e l  and can f o r  t h e  most p a r t  
be c a l i b r a t e d  ou t  o f  a u s e r ’ s  system. Term 3 

SATELLITE can be computed as discussed p r e v i o u s l y ,  w i t h  
i t s  accuracy dependent upon t h e  q u a l i t y  o f  
t h e  o r b i t a l  da ta  g i ven  t o  NBS by NOAA. A l l  
measurements t o  date i n d i c a t e  t h i s  te rm w i l l  
be accurate t o  a few tens o f  microseconds. 

+ (CDA E Q U I P  DELAY) 

4 

+ (TRA;;;;;DER) 

6 

F igu re  10.16 shows the  r e s u l t s  o f  one 
month’s da ta  taken a t  NBS/Boulder us ing  o r b i t  
D r e d i c t i o n s  de r i ved  from th ree  se ts  o f  o r b i t a l  

IONOSPHERE & RECEIVER 

elements e x t r a p o l a t i n g  as much as 22 days from 
Term 1 i s  known t o  b e t t e r  than 1 microsecond t h e i r  date.  The r e s u l t s  i n d i c a t e  a system 
us ing  t h e  da ta  l ogger  which compares t h e  CDA c a p a b i l i t y  o f  10 microseconds. Over a p e r i o d  

1 \ \ \ \ \ \ \ \ \ \ \ \ \  
COKKCCTED FOR FKLL SPALE 
DELAY AT  4 I.llli 1 : ITEkVALS 

I 
U T C ( N G S ) - L O E S l / N B S  

I I I I I I I I 1 / 1  I I 

FIGURE 10.15. SATELLITE SIGNALS CORRECTED AND UNCORRECTED. 
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UTC(NBS)-GOES1 /NBS 
CORRECTED FOR CLOCK D R I F r  
E EQUIPMENT DELAY CHANGES 
AT CDA WALLOPS ISLAND, VA 

0- AVERAGE OF 4 8  MEASUREMENTS 
TAKEN AT HALF HOUR INTERVALS 

0 r L 

2 1 -  
: 2  
o r  

- 

I -  I -  - 
ORBITAL ELEMENTS ' ORBITAL ELEMENTS ' ORBJTAL ELEMENTS 

OF 4 3 0 1 9  OF 4 3 0 3 3  OF 4 3 0 4 0  

4 

- 
1 1 I I I I I I 

FIGURE 10.16. TYPICAL RESULTS. 

o f  one year ,  c h a r t s  have dev ia ted  from the  Because o f  t h e  spacing o f  f requency 
" s t r a i g h t  l i n e "  by as much as 25 microseconds. assignments t o  t h e  land-mobi le users,  t h e r e  i s  
Using two r e c e i v e r s ,  t he re  was no c o r r e l a t i o n  f a r  l e s s  i n t e r f e r e n c e  t o  t h e  eastern s a t e l l i t e  
i n  t h e  d r i f t  o f  t h e  r e c e i v e r  and we conclude s i g n a l s  than t o  t h e  western s a t e l l i t e .  There- 
t h a t  t h e  problem res ides  w i t h  the  r e c e i v i n g  f o r e ,  t h e  eastern s a t e l l i t e  should be used by 
equipment on ly .  A b e t t e r  d e f i n i t i o n  o f  per-  those u s e r ' s  s i t u a t e d  i n  l a r g e  urban areas. 
formance and accuracy cannot be made u n t i l  
data are gathered from w i d e l y  separated loca-  
t i o n s  i n  the  Western Hemisphere. B .  Outages 

10.1.12 PRECAUTIONS 

A. I n t e r f e r e n c e  

The " land-mobi le" se rv i ces  and the  GOES 
i n t e r r o g a t i o n  channel use t h e  same frequency 
a l l o c a t i o n s  (468.8250 and 468.8375 MHz), which 
means t h e  t ime code may s u f f e r  i n t e r f e r e n c e  
from land-mobi le t ransmiss ions.  Th is  i s  par-  
t i c u l a r l y  t r u e  i n  urban areas where t h e r e  i s  a 
h i g h  d e n s i t y  o f  land-mobi le  a c t i v i t y .  The 
s a t e l l i t e  f requency a l l o c a t i o n s  a re  secondary 
t o  the  land-mobi le serv ices.  Therefore,  any 
such i n t e r f e r e n c e  must be accepted by the  t ime 
s i g n a l  users.  Complaints t o  the  FCC w i l l  n o t  
r e s u l t  i n  any adjustments i n  f a v o r  o f  such 
users.  The spectrum use by s a t e l l i t e  and 
land-mobi le i s  shown i n  f i g u r e  10.17. 

Al though t h e  GOES s a t e l l i t e s  t r a n s m i t  
con t i nuous ly ,  t he re  may be i n t e r r u p t i o n s  
d u r i n g  the  pe r iods  o f  s o l a r  ec l i pses .  The 
GOES s a t e l l i t e s  undergo s p r i n g  and autumn 
e c l i p s e s  d u r i n g  a 46-day i n t e r v a l  a t  t he  
ve rna l  and autumnal equinoxes. The e c l i p s e s  
va ry  from approx imate ly  10 minutes a t  t he  
beginning and end o f  e c l i p s e  pe r iods  t o  a 
maximum o f  approx imate ly  72 minutes a t  t he  
equinox ( f i g .  10.18). The e c l i p s e s  beg in  23 
days p r i o r  t o  equinox and end 23 days a f t e r  
equinox; i . e . ,  March 1 t o  A p r i l  15 and Sep- 
tember 1 t o  October 15. The outages occur 
d u r i n g  l o c a l  m idn igh t  f o r  t he  s a t e l l i t e s .  I n  
t h e  f u t u r e ,  i t  i s  expected t h a t  GOES w i l l  oper- 
a t e  through e c l i p s e  pe r iods  us ing  b a t t e r i e s .  

There w i l l  a l s o  be shutdowns f o r  p e r i -  
o d i c  maintenance a t  t he  Wallops I s l a n d  ground 

LAND WESTERN EASTERN LAND 
M O B I L E  GOES GOES MOB I LE 

I////////M//////A P//////////////A 
468.8250 468.8375 468.8500 

(MHz 1 

F IGURE 10.17. FREQUENCY USE. 
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7 MARCH - -APRIL- 

- SEPTEMBER - -OCTOBER - 
FIGURE 10.18. SOLAR ECLIPSE TIME 

s t a t i o n .  These scheduled outages w i l l  be 
reduced i n  t h e  f u t u r e  as redundancy i s  added 
t o  t h e  Wallops I s l a n d  f a c i l i t y .  

C. C o n t i n u i t y  

NBS cannot g i v e  an abso lu te  guarantee t o  
t h e  long-term cont inuance o f  t h e  GOES t ime  
code. The GOES s a t e l l i t e s  belong t o  NOAA and 
a re  n o t  under t h e  d i r e c t  c o n t r o l  o f  NBS. 
However, NBS and NOAA have agreed t o  i n c l u d e  
t h e  t ime  code i n  t h e  GOES s a t e l l i t e  t rans -  
miss ions  t o  t h e  maximum e x t e n t  poss ib le .  The 
GOES system p r e s e n t l y  has a s u f f i c i e n t  number 
o f  s a t e l l i t e s  t o  opera te  i n t o  t h e  l a t e  1980's,  
and i t  i s  expected t h a t  t h e  t ime code w i l l  be 
i nc luded  throughout t h i s  pe r iod .  

10.2 THE TRANSIT NAVIGATION SYSTEM 

10.2.1 GENERAL 

These Navy n a v i g a t i o n  s a t e l l i t e s  have 
been opera t i ona l  s ince  1964. Known as t h e  

TRANSIT s a t e l l i t e s ,  t h e i r  design, power l e v e l ,  
and coverage provide an excellent source o f  
t ime  and frequency s i g n a l s  f o r  c a l i b r a t i o n  
purposes. The s i g n a l  fo rmat  used on t h e  sys- 
tem lends i t s e l f  w e l l  t o  t ime  recovery  f rom 
which frequency c a l i b r a t i o n s  can be de r i ved  
u s i n g  t h e  techniques p r e v i o u s l y  descr ibed i n  
t h i s  book. 

A major d i f f e r e n c e  between TRANSIT and 
GOES i s  t h a t  TRANSIT, be ing  an o r b i t i n g  sys- 
tem, experiences a much l a r g e r  Doppler s h i f t  
o f  i t s  r a d i o  s i g n a l .  Th i s  i s  no r e a l  problem 
f o r  t h e  user s ince  t h e  o v e r a l l  system des ign  
takes  t h i s  i n t o  account and prov ides  enough 
i n f o r m a t i o n  t o  t h e  users so t h a t  accura te  t ime  
recovery  can be achieved. 

The b i g g e s t  d i f f e r e n c e  between GOES and 
TRANSIT i s  t h a t  t h e  TRANSIT system can o n l y  be 
used in te rm i t ten t l y - -when  a s a t e l l i t e  i s  i n  
v iew o f  t h e  rece ive r .  

Th i s  system i s  a good cand ida te  f o r  users 
who have a wor ldwide requirement.  TRANSIT i s ,  
i n  f a c t ,  t h e  o n l y  t ime  and frequency system 
t h a t  w i l l  work anywhere i n  t h e  wor ld.  GOES i s  
l i m i t e d  a t  p resen t  t o  t h e  western hemisphere 
and i t s  oceans. 

The sate1 1 i t e s  broadcast a t  about 400 
MHz. The message sent  conta ins  a number o f  
c h a r a c t e r i s t i c s  which a l l o w  p o s i t i o n  f i x i n g  
and a l s o  t ime  recovery.  As w i t h  t h e  GOES 
system, TRANSIT a l l ows  a user  t o  recover  t ime  
s i g n a l s  which can be used as a c l o c k  o r  t o  
s t e e r  an o s c i l l a t o r ' s  frequency. U n l i k e  GOES, 
however, t h e  TRANSIT t ime  s i g n a l  fo rmat  does 
n o t  i nc lude  day-of- the-year i n fo rma t ion .  
Accuracy o f  t h e  o v e r a l l  system i s  comparable 
t o  GOES. Time t o  b e t t e r  t h a t  10 microseconds 
and frequency accurac ies  t o  1 p a r t  i n  1 0 l 6  
( f o r  measurement pe r iods  o f  1 day) can be 
achieved. 

Al though TRANSIT i s  p r i m a r i l y  a naviga- 
t i o n  s a t e l l i t e ,  t h e  respons ib le  Navy group 
has r e c e n t l y  a l lowed changes i n  i t s  ope ra t i on  
t o  p rov ide  even more suppor t  f o r  i t s  f requency 
and t ime  func t i on .  Coupled w i t h  t h i s  i s  t h e  
p l a n  t o  launch a d d i t i o n a l  s a t e l l i t e s  i n  t h e  
TRANSIT se r ies .  Users p lann ing  t o  o b t a i n  
equipment t o  use TRANSIT, e s p e c i a l l y  a t  remote 
l o c a t i o n s ,  should con tac t  e i t h e r  t h e  U. S. 
Naval Observatory o r  t h e  Navy As t ronau t i cs  
Group f o r  t h e  l a t e s t  i n f o r m a t i o n  on s a t e l l i t e  
passes, e t c .  I n  a d d i t i o n ,  manufacturers o f  
TRANSIT equipment a re  a good source o f  i n f o r -  
mation. 

A t  t h i s  w r i t i n g ,  t h e  TRANSIT system i s  
supported by f i v e  o r b i t i n g  s a t e l l i t e s .  These 
a r e  i n  a c i r c u l a r  p o l a r  o r b i t  a t  an a l t i t u d e  
o f  about 1100 k i lometers .  Thus, a user on t h e  
e a r t h  w i l l  see a s a t e l l i t e  every 90 minutes o r  
so. I n  c o n t r a s t  t o  a GOES-type o f  t ransponder,  
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TRANSIT SIGNAL GENERATION 

OSCl L LATOR FREOUENCV MULT 
X 8 0  

9 
la150 MHzl 

FREOUENCV MULT - - X M  

PHASE MODULATION 

SATELLITE CLOCK CONTROL SYSTEM 

OSCILLATOR 

I 
INJECT 

I - 1627HZ 
I - l (Y.159HZ 

FREOUENCV DlVlOE 

AWUST 
9 6 L ~ S E C ~  

I v 

1. SATELLITE OSCILLATOR DESIGN CENTER FREQUENCY = 4,999,600 

2. 

3. 98,304/4,999,600 = 19,662373 ms/BIT 

4. 19,662373 x 6103 = 119.9994626 SECONDS 

6. D I V I D E R  CHAIN RATIO (DELETE) = 48/4999600 = 9.6 MICROSECONDS 

7. 537.6 vs/9.6 us = 56 CLOCK CORRECTION BITS/2 M I N .  INTERVALS 

D I V I D E R  CHAIN RATIO (READ) = 16 x 3 x 2 x 32 x 32 = 98,304 

5. 120.0000000 - 119.9994624 = 537.6 MICROSECONDS 

FIGURE 10.19. TRANSIT SATELLITE CLOCK CONTROL SYSTEM. 

TRANSIT has an accu ra te  c l o c k  on-board each 
o f  i t s  s a t e l l i t e s .  These a r e  mon i to red  f rom 
e a r t h - c o n t r o l  s t a t i o n s  and c o r r e c t i o n s  a r e  
s e n t  t o  t h e  s a t e l l i t e s  p e r i o d i c a l l y  t o  keep 
them on t i m e  (see f i g .  10.19). 

I n  a d d i t i o n  t o  p o s i t i o n  i n f o r m a t i o n ,  t h e  
s a t e l l i t e s  send a t i m e  mark each two minutes. 
By m o n i t o r i n g  t h e  s i g n a l s  f rom f o u r  ground- 
m o n i t o r  s t a t i o n s ,  t h e  Navy i s  a b l e  t o  s t e e r  

t h e  on-board c l o c k s  by s p e c i a l  commands. For  
t h e  user ,  t h i s  means t h a t  a t  any t i m e  he can 
be assured t h a t  a TRANSIT s i g n a l  has been 
c a r e f u l l y  c o n t r o l l e d  f o r  accuracy. 

There i s  much redundancy i n  t h e  o v e r a l l  
system c o n t r o l .  New c o n t r o l  da ta  a r e  sen t  
t o  t h e  s a t e l l i t e s  eve ry  12 hours o r  so. A l -  
most a l l  t h e  ground equipment used f o r  b o t h  
n a v i g a t i o n  and t i m i n g  con ta ins  a f a i r l y  
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FIGURE 10.20. TRANSIT TIMING RECEIVER BLOCK DIAGRAM. 

DATA us COUNT 
IN 

- LATCH 

s o p h i s t i c a t e d  computer -cont ro l led  r e c e i v e r  
t h a t  a l l ows  n e a r l y  hands-o f f  opera t ion .  

As w i th  t h e  GOES system, t h e  s a t e l l i t e  
message i s  designed t o  a l l o w  t h e  r e c e i v e r  t o  
synchronize i t s e l f  , 1 ocate t h e  requ i  r e d  b i t s  
i n  t h e  da ta  stream and produce a t ime  mark. 

Accuracy o f  t ime  recovery  us ing  TRANSIT 
depends on severa l  f a c t o r s .  Again, t h e  poten- 
t i a l  user i s  encouraged t o  t a l k  w i t h  manufac- 
t u r e r s  and t o  con tac t  t h e  USNO, Time Services 
D i v i s i o n ,  Washington, DC 20390 be fo re  proceed- 
i ng .  A t  t h i s  w r i t i n g ,  t ime  recovery  accuracy 
f a l l s  w i t h i n  f rom 10 t o  50 microseconds. Wi th  
s u i t a b l e  care  o f  an opera t i ng  c l o c k  on t h e  
ground, t h i s  s e r v i c e  can p rov ide  ve ry  va luab le  
c a l i b r a t i o n  i n fo rma t ion .  

0 

10.2.2 EQUIPMENT NEEDED 

g d  l 
? 

Equipment cos ts  a re  h ighe r  f o r  TRANSIT 
than f o r  GOES, b u t  s t i l l  n o t  unreasonable 
cons ide r ing  t h e  few a l t e r n a t i v e s .  

1 PPS 
OUT 

Antennas a r e  sma l l ,  v e r t i c a l ,  and omni- 
d i r e c t i o n a l ,  making i n s t a l l a t i o n  simple. 

The ins t rumen ta t i on  needed by  a user  
w i l l  depend on h i s  p a r t i c u l a r  a p p l i c a t i o n .  
I n  general ,  he w i l l  need a f requency source 
and c lock .  Purchase o f  a r e c e i v e r  f o r  TRANSIT 
w i  11 then  a1 1 ow comparisons t o  t h e  speci  f i c a -  
t i o n s  o f  t h e  equipment. 

It i s  expected t h a t  manufacturers w i l l  
d i f f e r  i n  t h e i r  implementat ion o f  TRANSIT 
r e c e i v i n g  equipment, b u t  a t y p i c a l  requirement 
i s  t h a t  t h e  user o b t a i n  t h e  t ime  o f  day f rom 
another source t o  w i th in  15 minutes i n  o rde r  
t o  reso lve  t h e  t ime  ambigu i ty  o f  TRANSIT. For  
some a p p l i c a t i o n s ,  i t  may a l s o  be necessary t o  
d i a l  i n  t h e  u s e r ' s  l ong i tude  and l a t i t u d e .  

See f i g u r e  10.20 f o r  a t y p i c a l  r e c e i v e r  
b l o c k  diagram. 
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CHAPTER 11. AN INTRODUCTION TO FREQUENCY SOURCES 

. 
F R E  Q U E N  C Y -5 M H z * 

S O U R C E  

An ins t rument  o r  dev ice  t h a t  produces a 
steady and un i fo rm s i g n a l  ou tpu t  i n  whatever 
form i s  s a i d  t o  have a f requency o f  opera t ion .  
The new quar t z  c r y s t a l  wr is twatches ,  f o r  exam- 
p l e ,  v i b r a t e  t h e i r  c r y s t a l  f requency source a t  
32,768 t imes i n  one second. Most c locks  con- 
t a i n  an i d e n t i f i a b l e  source o f  frequency, be 
i t  balance wheel, c r y s t a l ,  o r  pendulum. 

Frequency sources a re  a l s o  used i n  
another way. Besides coun t ing  t h e i r  v i b r a -  
t i o n s  o r  o s c i l l a t i o n s  f o r  t imekeeping, t hey  
a re  used t o  s e t  musical  ins t ruments  and t o  
c a l i b r a t e  many types  o f  e l e c t r o n i c  devices.  A 
r a d i o  d i a l  i s  marked o f f  i n  f requency u n i t s  as 
a re  t h e  f a m i l i a r  t e l e v i s i o n  channels. The TV 
channel s e l e c t o r ,  when s e t  t o  channel 4, tunes 
t h e  r e c e i v e r  t o  o b t a i n  a s i g n a l  a t  a f requency 
o f  about 70,000,000 h e r t z  o r  70 MHz. 

Th is  chapter  dea ls  w i t h  t h e  p r o p e r t i e s  o f  
f requency sources and t h e i r  p o s s i b l e  app l i ca -  
t i o n s  t o  r e a l  s i t u a t i o n s .  The idea  i s  t h a t  
once you understand what t h e  f requency gener- 
a t o r  w i l l  do, you  can more i n t e l l i g e n t l y  
choose t h e  r i g h t  t ype  o f  device.  Some o f  t h e  
phys ics  o f  t h e  devices a re  discussed and 
f i n a l l y  a t a b l e  i s  p resented  t h a t  compares 
severa l  devices.  

The f i r s t  p a r t  o f  t h i s  chapter  dea ls  w i t h  
t h e  use o f  f requency sources t o  d r i v e  c locks ,  
which i s  an impor tan t  a p p l i c a t i o n  o f  many 
h i g h - q u a l i t y  o s c i l l a t o r s .  There i s  a s t rong  
r e l a t i o n s h i p  between t ime-ordered events and 
frequency d i v i s i o n .  Communications systems 
e s p e c i a l l y  r e l y  on these two means o f  separat-  
i n g  channels o f  communications. For example, 
t he re  a re  a number o f  s t a t i o n s  on t h e  AM r a d i o  
d i a l .  These are  spaced i n  f requency a t  about 
every  10 kHz. Another way t o  share t h e  spec- 
t rum would be t o  have a l l  t h e  s t a t i o n s  a t  t h e  
same frequency, b u t  a t  d i f f e r e n t  times. The 
same spectrum i s  thus  t ime-shared. For obv i -  
ous reasons o f  c o s t  and convent ion,  we choose 
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r a t h e r  t o  r u n  a l l  t h e  s t a t i o n s  a t  t h e  same 
t ime,  b u t  on d i f f e r e n t  f requenc ies .  

Common usage a l l ows  manufacturers and 
w r i t e r s  t o  r e f e r  t o  f requency sources as stan- 
dards. You w i l l  see and hear t h e  te rm f r e -  
quency s tandard  mentioned when what i s  r e a l l y  
meant i s  a f requency source. The word "s tan-  
dard" should p r o p e r l y  be reserved f o r  o n l y  
those frequency generators t h a t  serve as 
re fe rences  f o r  o thers .  I n  t h e  U. S. t h e  p r i -  
mary frequency standard res ides  i n  Boulder,  
Colorado, a t  t h e  Nat iona l  Bureau o f  Standards 
Labora tor ies .  But  t h e r e  can be many secondary 
standards t h a t  a re  c a l i b r a t e d  w i t h  t h e  s i n g l e  
p r imary  standard. Here i s  where t h e  popu lar  
usage o f  t h e  te rm "standard" ge ts  misused. 
People use i t  t o  descr ibe  h i g h - q u a l i t y  o s c i l -  
l a t o r s  because t h e i r  s t a b i l i t y  i s  so  good t h a t  
i t  approaches t h a t  o f  t h e  n a t i o n ' s  standard. 
It i s  p robab ly  n o t  p o s s i b l e  t o  p reven t  t h i s  
misuse, so t h e  reader should be warned t o  no te  
c a r e f u l l y  what i s  meant by t h e  words used t o  
descr ibe  t h e  va r ious  f requency sources. 

* - D I V I D E R  & ~ ( l H z )  
PULSE 

GENERATOR 
- * 

11.1 FREQUENCY SOURCES AND CLOCKS 

CLOCK 
( C O U N T E R /  

A C C U M U L A T O R )  

No t i ce  t h a t  most c l o c k s - - i n  p a r t i c u l a r ,  
t he  very  accura te  and p r e c i s e  ones--are based 
on h i g h - q u a l i t y  f requency sources. The reason 
f o r  t h i s  i s  t h e  i n t i m a t e  r e l a t i o n s h i p  between 
frequency (symbol v ,  "nu") and t ime  (symbol 
t). See t h e  d e f i n i t i o n  o f  f requency i n  t h e  
g lossa ry  f o r  more i n fo rma t ion .  I f  we l o o k  a t  
a s e r i e s  o f  events which a re  o c c u r r i n g  i n  a 
somewhat r e g u l a r  fash ion ;  e.g., t h e  r i s e  o f  
t h e  sun every  morning, we can s t a t e  how many 
o f  these events occur i n  a g i ven  t ime pe r iod .  
Th is  number would be t h e  frequency o f  t h i s  
s e r i e s  o f  events. I n  our example, we cou ld  
say t h a t  t h e  f requency o f  sunr ises  i s  v = 7 
events pe r  week, o r  v = 365 events p e r  year .  
"Events p e r  week" o r  "events pe r  year "  would 

1 PULSE 
P E R  S E C O N D  

I ,CLOCK-TICK 
O U T P U T  

FIGURE 11 .l. EXAMPLE OF A CLOCK SYSTEM 

19 1 



EVENTS 

\- UNIT  OF T I M E  +d 
PERIOD-  

F R E Q U E N C Y  = N L i M t i E R  O F  E V E N T S  P E R  b N I T  O F  T I M E  

T O T A L  t l U M t l t R  O F  E V E N T S  
A C C U M U L A T E U  = N U M B E R  O F  E V E N T S  P E R  U : i I T  O F  T I m  

P O S  5 I B L E D E  F I & I T I O H  : 

U X I T  O F  T I M E  = A S P E C I F I C  N b M B E K  O F  P E R I O D S  O F  
A W E L L - D E F I N t O  E V E N T  G E N E R A T O R  

FIGURE 11.2. DEFINITION OF TIME AND FREQUENCY. 

be c a l l e d  t h e  u n i t  which we used f o r  our  f r e -  
quency number. Th is  f requency number i s  d i f -  
f e r e n t  f o r  d i f f e r e n t  u n i t s .  I n  our  example, 
we assume t h a t  we know somehow what a week o r  
a yea r  i s ;  i . e . ,  we r e l i e d  on some understood 
d e f i n i t i o n  o f  our  u n i t  o f  t ime.  

Now, what i s  t h e  t ime  i n t e r v a l  between 
t h e  events? The answers f o r  our  examples a r e  
s imple:  One sun r i se  succeeds t h e  o t h e r  a f t e r  
t = 1/7 week, o r  t = 1/365 year ,  where we used 
"week" and "year" as two p o s s i b l e  choices f o r  
our  u n i t  o f  t ime. 

We have lea rned  two th ings :  (a) f o r  
p e r i o d i c  events,  t h e  t ime  between t h e  events t 
i s  r e l a t e d  t o  t h e  frequency v o f  t h e i r  occur-  
rence i n  t h e  f o l l o w i n g  s imp le  way: 

1 
t 

" = -  

and (b) t h a t  p e r i o d i c  events can be counted t o  
d e f i n e  t ime;  { .e . ,  t h e  genera tor  o f  t h e  p e r i -  
o d i c  events-the frequency source--can be used 
as a c lock .  The frequency becomes a c l o c k  by 
t h e  a d d i t i o n  o f  a coun t ing  mechanism f o r  t h e  
events. 

I n  t h e  above example, t h e  f requency used 
i s  t h a t  o f  t h e  r o t a t i n g  ea r th .  The t ime  
between r e c u r r i n g  events i s  one day. The 
r o t a t i n g  e a r t h  has served mankind f o r  thou- 
sands o f  years  and remained u n t i l  ve ry  recent -  
l y  t h e  source f o r  t h e  d e f i n i t i o n  o f  t ime i n -  
t e r v a l .  The coun t ing  mechanism which made i t  
a c l o c k  was t h e  r e c o r d i n g  o f  days and years.  

The need t o  g e t  a long f o r  many days w i t h -  
o u t  c e l e s t i a l  observa t ions ,  and t o  measure 
t ime  i n t e r v a l s  which a r e  ve ry  much s h o r t e r  
t han  a day, b rought  about t h e  i n v e n t i o n  o f  
c locks .  Al though t h e r e  a re  o t h e r  types  o f  
c locks  l i k e  t h e  sand c l o c k  o r  t h e  water c l o c k  
and t h e  sund ia l ,  we w i l l  d iscuss  o n l y  c locks  
based on e l e c t r o n i c  f requency generators.  

The f i r s t  c locks  based on t h e  pendulum 
were invented  about 400 years  ago. Th is  t ype  
o f  c l o c k  i s  s t i l l  w i d e l y  used today. The pen- 
dulum may be a suspended we igh t  ( g r a v i t a t i o n a l  
pendulum) 1 i ke i n  "g randfa ther "  c locks ,  o r  t h e  
balance wheel ( t o r s i o n  pendulum) o f  modern 
wr is twatches .  The o b j e c t  o f  our  d i scuss ion  
here i s  t oday ' s  most advanced o s c i  11 a t o r s  and 
c locks ;  however, a c lose  l o o k  a t  t r a d i t i o n a l  
c locks  w i l l  show a l l  t h e  e s s e n t i a l  f ea tu res  
which we w i l l  recogn ize  aga in  i n  our  l a t e r  
d i scuss ion  o f  qua r t z  c r y s t a l  and atomic 
c locks .  

The pendulum i n  our  c l o c k  i s  t h e  frequen- 
cy  de termin ing  element. I n  o rde r  t o  have a 
f requency source, t he  pendulum has t o  be s e t  
and kept  i n  mot ion.  Thus, a source o f  energy 
i s  necessary toge the r  w i t h  t h e  means t o  t rans -  
f e r  t h i s  energy t o  t h e  f requency-determining 
element. I n  a wr is twatch ,  t h i s  source o f  
energy i s  t y p i c a l l y  t h e  w ind ing  s p r i n g  o r  
b a t t e r y .  The energy i s  t r a n s f e r r e d  by a means 
which i s  c o n t r o l l e d  by  t h e  pendulum i t s e l f  
(feedback) i n  o rde r  t o  cause energy t r a n s f e r  
i n  t h e  proper  amount a t  t h e  proper  t ime  i n  
synchronism w i t h  t h e  movement o f  t h e  pendulum 
o r  balance wheel. We now have a f requency 
source. The t i c k  mot ion  o f  a balance wheel 
cou ld  be p icked  up a c o u s t i c a l l y ,  f o r  example, 
and used as a f requency source. Th is  i s  
a c t u a l l y  done by j ewe le rs  when they  a d j u s t  t h e  
r a t e  o f  a c lock :  t h e  t i ck - f requency  i s  com- 
pared t o  some ( b e t t e r )  f requency source. I n  
o rde r  t o  have a c lock ,  a read-out mechanism i s  
necessary which counts and accumulates t h e  
t i c k s  (more accu ra te l y ,  t h e  t ime i n t e r v a l  
between t h e  t i c k s )  and d i s p l a y s  the  r e s u l t .  
I n  our  example o f  a wr is twatch ,  t h i s  i s  accom- 
p l i s h e d  by a s u i t a b l e  s e t  o f  gears and t h e  
moving hands on t h e  c l o c k  face  o r  d i g i t a l l y .  

We have j u s t  d iscussed how t h e  a d d i t i o n  
o f  a mechanism t o  a f requency source which 
counts and accumulates and p o s s i b l y  d i s p l a y s  
t h e  r e s u l t  c rea tes  a c lock .  Th is  t a s k  can 
a l s o  be performed by an e l e c t r o n i c  frequency 
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11.2 THE PERFORMANCE OF FREQUENCY SOURCES 

The oerformance o f  a f reauencv source i s  
F R E Q U E N C Y  u s u a l l y  descr ibed i n  terms o f  it; accuracy. FREQUENCY 

DETERMINING SOURCE 
TRANSFER ELEMENT OUTPUT 

r e p r o d k i b i l i t y ,  and s t a b i l i t y .  These <re 
de f i ned  as: 

1 E N E R G Y  1 
SOURCE 

(COUNTING 
A C C U M U L A T I N G  

DISPLAY 1 

FIGURE 11.3. FREQUENCY SOURCE AND 

d i v i d e r  which. f o r  examole. de r i ves  a 

CLOCK. 

f reouen- 
cy o f  60 Hz ' d i r e c t l y  ' f rom a 5 MHz c r y s t a l  
o s c i l l a t o r  ( f i g .  11.1). The 60 Hz vo l tage  can 
be used t o  d r i v e  an e l e c t r i c a l  c l o c k  motor 
s i m i l a r  t o  those d r i v e n  by t h e  60 Hz power 
l i n e  frequency t h a t  we use a t  home and a t  
work. O r ,  an a d d i t i o n a l  e l e c t r i c  pu l se  gen- 
e r a t o r  may be used t h a t  generates one very 
sharp e l e c t r i c a l  pu l se  pe r  second. The t ime 
i n t e r v a l  o f  1 second between t h e  pulses ( co r -  
responding t o  a frequency o f  1 Hz) i s  de r i ved  
from t h e  ou tpu t  o f  our  f requency source. The 
pulses can be d i r e c t l y  used i n  t ime compari- 
sons w i t h  those o f  o the r  s i m i l a r  c locks,  o r  
they can d r i v e  a counter/accumulator.  

The e l e c t r i c  power l i n e  i s  a ve ry  good 
frequency source f o r  many a p p l i c a t i o n s .  A 
c l o c k  d r i v e n  from t h e  power l i n e  w i l l  keep 
e x c e l l e n t  t ime.  Th is  i s  because t h e  power 
system i s  c a r e f u l l y  c o n t r o l l e d  t o  ma in ta in  i t s  
frequency w i t h i n  d e f i n i t e  l i m i t s .  By increas-  
i n g  o r  decreasing the  i n d i v i d u a l  generator  
f requencies,  t he  f l o w  o f  power i n  t h e  i n t e r -  
connected system can be regulated.  Each power 
company i s  n o t i f i e d  i n  advance t o  s e t  t h e i r  
frequency t o  a p a r t i c u l a r  va lue so t h a t  t he  
m i l l i o n s  o f  c locks  on t h e  system--those i n  
homes and o f f i c e s  across the  c o u n t r y - - w i l l  
g a i n  o r  l ose  t ime as r e q u i r e d  t o  keep the  
c locks  c o r r e c t .  The t ime c o r r e c t i o n s  are 
u s u a l l y  done a t  n i g h t .  

The b a s i c  u n i t  o f  t ime  i s  t h e  second 
(symbol s) .  It i s  de f i ned  w i t h  re ference t o  a 
f requency-determining element. Since 1967, by 
i n t e r n a t i o n a l  agreement, t h i s  element o r  
" n a t u r a l  pendulum" has been t h e  cesium atom. 
The second i s  de f i ned  i n  the  o f f i c i a l  wording 
as " t h e  d u r a t i o n  o f  9,192,631,770 pe r iods  o f  
t he  r a d i a t i o n  corresponding t o  t h e  t r a n s i t i o n  
between the  two h y p e r f i n e  l e v e l s  o f  t he  ground 
s t a t e  o f  t h e  cesium-133 atom." Accord ing ly ,  
t he  frequency o f  t he  cesium pendulum i s  
9,192,631 ,770 events pe r  second ( t h e  ces i  um 
atom i s  a very r a p i d l y  o s c i l l a t i n g  pendulum). 
The u n i t  o f  f requency i s  then de f i ned  as h e r t z  
(symbol Hz) which means t h e  r e p e t i t i v e  occur- 
rence of  one event pe r  second ( t h e  use o f  
" h e r t z "  i s  p r e f e r r e d  t o  t he  o l d e r  term " c y c l e  
per  second", cps). 

ACCURACY: 

How w e l l  does i t  r e l a t e  t o  the  d e f i n i -  
t i o n ?  I n  the case o f  frequency, t h i s  means 
how w e l l  i t  r e l a t e s  t o  the  d e f i n i t i o n  o f  a 
second ( i n  terms o f  cesium) mentioned 
p r e v i o u s l y .  

REPRODUCIBILITY: 

I f  you b u i l t  a number o f  such frequency 
sources and ad jus ted  them, how w e l l  would they 
agree i n  frequency? This  term obv ious l y  
a p p l i e s  t o  sources t h a t  are manufactured and 
then t e s t e d  t o  see how they d i f f e r .  

STAB1 LITY: 
Once the  dev ice i s  s e t  t o  a g i ven  f r e -  

quency, how w e l l  does i t  generate t h a t  va lue 
d u r i n g  some p e r i o d  o f  t ime? 

It i s  obvious from these d e f i n i t i o n s  t h a t  
frequency accuracy w i l l  be o f  g r e a t  i n t e r e s t  
i n  s c i e n t i f i c  measurements and i n  the  evalu- 
a t i o n  and in tercompar ison o f  t he  most advanced 
devices.  Good r e p r o d u c i b i l i t y  i s  an asset  i n  
a p p l i c a t i o n s  where i t  i s  impor tan t  t o  expect 
some agreement among severa l  devices.  How- 
ever ,  t he  s t a b i l i t y  o f  a frequency source i s  
u s u a l l y  most impor tan t  t o  the  user. 

The frequency s t a b i l i t y  (symbol o ,  
"sigma") o f  a frequency source w i l l  depend on 
many t h i n g s  t h a t  might  cause frequency 
changes. Frequency s t a b i l i t y  can be measured 
by t a k i n g  a reasonably l a r g e  number o f  succes- 
s i v e  readings on an e l e c t r o n i c  counter  which 
counts the  frequency o f  t he  dev ice t o  be 
evaluated. Each counter  reading ( i n  h e r t z )  i s  
obta ined by count ing the ou tpu t  frequency f o r  
some s p e c i f i e d  t ime  ( t h e  sampling t ime  ' ' tau" ,  
symbol I). This  sampling t ime can u s u a l l y  be 
chosen by s imply  a d j u s t i n g  a knob on the  
counter ;  fo r  example, a sampling t ime o f  0.1 
s o r  1 s o r  10 s may be chosen. The r e s u l t  
can be expected t o  change as I changes. So 
the  s t a b i l i t y  needs t o  be de f i ned  f o r  a 
c e r t a i n  " t a u " .  

Fu r the r ,  i t  might  be expected t h a t  v a r i -  
a t i o n s  i n  the  readings o f  measured frequency 
would tend t o  average o u t  i f  observed long  
enough. This  i s  n o t  always so. The s t a b i l i t y  
o f  t he  frequency source (sigma o r  o) w i l l  
t h e r e f o r e  u s u a l l y  depend on t h e  sampling t ime 
o f  t he  measurement and tends t o  g e t  smal ler  
w i t h  longer  sampling t imes, I. But, again,  
t h e r e  a re  many except ions t o  t h i s .  
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It may happen t h a t  t h e  frequency f l u c t u -  
a t i o n s  a t  some l a t e r  t ime a re  p a r t i a l l y  caused 
by, o r  depend t o  some degree upon, the  p r e v i -  
ous f l u c t u a t i o n s .  I n  t h i s  case, t he  computed 
va lue o f  u w i l l  depend on the  p a r t i c u l a r  way 
i n  which t h e  many counter  readings a re  aver-  
aged and evaluated. Another i n f l u e n c e  on mea- 
sured s t a b i l i t y  depends on whether the  counter  
s t a r t s  coun t ing  again immediately a f t e r  com- 
p l e t i o n  o f  t h e  preceeding count  o r  i f  some 
t ime  elapses ("dead-t ime") be fo re  coun t ing  
s t a r t s  again. 

F i n a l l y ,  t he  e l e c t r o n i c  c i r c u i t s  used i n  
measuring f requency s t a b i l i t y  w i l l  have a f i n -  
i t e  response t ime; i . e . ,  they cannot f o l l o w  
frequency f l u c t u a t i o n s  f a s t e r  than some g i ven  
r a t e .  For example, our eyes cannot r e g i s t e r  
l i g h t  f l u c t u a t i o n s  which occur f a s t e r  than 
about every 1/10 o f  a second; us ing  v = l/t, 
we say t h a t  t he  eye has a f requency response 
o f  10 Hz, or t h a t  i t s  bandwidth i s  o n l y  10 Hz; 
i . e . ,  t h e  eye cannot f o l l o w  f requencies h ighe r  
than 10 Hz. 

I n  o rde r  t o  measure f requency s t a b i l i t i e s  
f o r  sampling t imes sma l le r  than some value x ,  
our  measurement equ!pmer;t has t o  p rov ide  f o r  
an e l e c t r o n i c  frequency bandwidth which i s  
l a r g e r  than 1 / ~ .  

To summarize: A recommended way o f  p ro -  
p e r l y  measuring and d e s c r i b i n g  f requency s ta-  
b i l i t y  i s  t he  f o l l o w i n g :  (a) make sure t h a t  
t h e  frequency bandwidth o f  t h e  t o t a l  measuring 
setup i s  l a r g e r  than l / t ,  where -c i s  t he  smal- 
l e s t  des i red  sampling t i m e ;  (b)  use a counter  
w i t h  a deadtime as smal l  as p o s s i b l e  ( t h e  
dead-time should be l e s s  than the  r e c i p r o c a l  
bandwidth; i f  no t ,  use t h e  computat ion p ro -  
cedures t h a t  e x i s t  t o  a l l o w  f o r  l a r g e r  dead- 
t imes) ;  ( c )  t ake  a s u f f i c i e n t l y  l a r g e  number 
o f  readings a t  a g i ven  sampling t ime  which i s  
h e l d  constant  and compute: 

ADDIT ION OF THE SQUARES OF THE DIFFER- 
ENCES BETWEEN SUCCESSIVE READINGS 

2 x TOTAL NUMBER OF DIFFERENCES USED 

( I n  t h e  s c i e n t i f i c  l i t e r a t u r e  t h i s  u i s  o f t e n  
c a l l e d  t h e  square r o o t  o f  t he  A l l a n  var iance.)  
The counter  readings can be taken i n  Hz; u 
w i l l  then have the  dimensions o f  Hz; (d) 
repeat  s tep (c)  f o r  o the r  sampling t i m e s  1 and 
t a b u l a t e  o r  p l o t  u as i t  depends on t. 

Commonly, u w i l l  be expressed as a r e l a -  
t i v e  value. E x i s t i n g  l i t e r a t u r e  o f t e n  uses 
t h e  term " f r a c t i o n a l "  i ns tead  o f  r e l a t i v e ,  so 
the  reader should t r e a t  t h e  two t e r m s  equa l l y ;  
they mean t h e  same t h i n g .  The va lue obta ined 
f o r  t he  f requency s t a b i l i t y  i s  d i v i d e d  by t h e  
c a r r i e r  f requency. For example, i f  a 

frequency s t a b i l i t y  o f  = 10 Hz were mea- 

sured a t  a c a r r i e r  f requency o f  v = 5 MHz (MHz 
= megahertz = m i l l i o n  Hz) then t h e  f r a c t i o n a l  
o r  r e l a t i v e  f requency s t a b i l i t y  would be 

- 2 x l o ?  "y = u6v/v - 

We denote the  k i n d  o f  u we are us ing  by a 
s u b s c r i p t ,  6v ( " d e l t a  nu") ,  r e f e r r i n g  t o  f r e -  
quency f l u c t u a t i o n  (measured i n  Hz) o r  6v/v = 
y, r e f e r r i n g  t o  r e l a t i v e  f requency f l u c t u a -  
t i o n s  (dimensionless).  A s t a b i l i t y  o f  one 
p a r t  i n  a m i l l i o n  i s  thus 

-6 u = 1 x 1 0  , 
Y 

and one p a r t  i n  a t r i l l i o n  i s  w r i t t e n  as 

- 1 2  u = 1 x 1 0  . 
Y 

There i s  a sound b a s i s  f o r  us ing  the  
r e l a t i v e  f requency s t a b i l i t y  u i ns tead  o f  

us ing  frequency s t a b i l i t y  d i r e c t l y .  u i s  

a numeric and i s  independent o f  t h e  ac tua l  
ope ra t i ng  f requency o f  t h e  o s c i l l a t o r  be ing  
discussed. Thus, i t  i s  p o s s i b l e  t o  compare 
t h e  s t a b i l i t y  o f  a 10 MHz o s c i l l a t o r  w i t h  one 
t h a t  has an ou tpu t  a t  10 kHz. 

I n  f a c t ,  many h i g h - q u a l i t y  o s c i l l a t o r s  
have outputs  a t  1 ,  5, and 10 MHz. But  an 
a p p l i c a t i o n  f o r  these sources m igh t  r e q u i r e  
t h e  generat ion o f  a d i f f e r e n t  f requency, e.g., 
t h e  t e l e v i s i o n  c o l o r  s u b c a r r i e r  s i g n a l  a t  3.58 
MHz. I f  the  o r i g i n a l  source, be fo re  t h e  syn- 
t h e s i s  o f  t h e  TV s i g n a l ,  had a r e l a t i v e  f r e -  
quency s t a b i l i t y  o f  one p a r t  p e r  m i l l i o n  (1 x 

then the  3.58 MHz s i g n a l  would have the  
same r e l a t i v e  frequency s t a b i l i t y  u 

This  assumes, o f  course, t h a t  t he  
syn thes i s  o r  generat ion o f  new f requencies 
does n o t  change the  s t a b i l i t y  o f  t he  f requency 
source. Th is  i s  g e n e r a l l y  t r u e  f o r  most 
a p p l i c a t i o n s .  

Y 

Y 

Y '  

11.3 USING RELATIVE FREQUENCY STABILITY DATA 

Suppose you have a c lock.  L e t ' s  say i t s  
f requency source i s  a c r y s t a l  o s c i l l a t o r ,  and 
you want t o  know t h e  t ime  e r r o r .  I f  you know 
enough about the  o s c i l l a t o r ,  you can compute 
t h e  t ime  e r r o r .  You can even p r e d i c t  t h e  
e r r o r  ahead o f  t i m e - - f a i r l y  accu ra te l y ,  too.  

F i r s t ,  l e t ' s  d e f i n e  a f e w  t h i n g s  t h a t  we 
w i l l  need t o  w r i t e  an equat ion.  There are 
o n l y  about t h r e e  t h i n g s  t h a t  can happen t o  our  
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clock--assuming we d o n ' t  drop i t  o r  p u l l  t h e  
p lug !  

1. The c l o c k  cou ld  be read ing  the  wrong t ime 
because we d i d n ' t  s e t  i t  a t  a l l  o r  be- 
cause we s e t  i t  wrong. C a l l  t h i s  the  
i n i t i a l  t ime e r r o r  Ato.  U n t i l  we c o r r e c t  
it, we have t o  have i t  i n  our equat ion  as 
a cons tan t .  

2. The f requency o f  t h e  o s c i l l a t o r  d r i v i n g  
t h e  c l o c k  may be f l u c t u a t i n g .  I f  t h a t  i s  
t h e  case, then we w i l l  have a te rm i n  our 
equat ion  t h a t  r e l a t e s  t h e  f l u c t u a t i o n  and 
the  l e n g t h  o f  t ime  i t  has been d r i f t i n g .  
L e t ' s  c a l l  t h i s  l e n g t h  o f  t ime t. I t  
would be t h e  t ime from zero t ime (when 
the  c l o c k  was r i g h t  o r  we measured t h e  
e r r o r  A to )  t i l l now. From what we s a i d  
about t h e  s t a b i l i t y ,  we see t h a t  we need 
a term such as: 

3 .  There i s  one more p o s s i b l e  e r r o r .  Was 
t h e  o s c i l l a t o r  "on frequency" when i t  
s t a r t e d  t o  d r i f t ?  I f  i t  was no t ,  then we 
must account f o r  t h i s  o f f s e t .  To do 
t h i s ,  we d e f i n e  t h e  r e l a t i v e  f requency 
o f f s e t  as: 

u (I.) x t. 
Y 

A c t u a l l y ,  we know t h e  va lue  o f  1 t h a t  we 
want. I t ' s  s imp ly  t, the  t ime s ince  we 
l a s t  s e t  t h e  c lock .  So our te rm becomes 
approximately:  

u (I. = t) x t. 
Y 

Th is  then  takes  care  o f  t he  i n s t a b i l i t i e s  
o f  t h e  o s c i l l a t o r  f requency d r i v i n g  our 
c lock .  

1 HOUR 

t ,  T I N E  AFTER SYNCHRON1;ATION ( S E C O I d U S ) +  

x t. 
V 

T h i s  te rm means t h a t  our oscillator may 
have had a frequency e r r o r  when i t  
s t a r t e d  t o  d r i f t .  I n  o t h e r  words, we 
a l l o w  f o r  an a r b i t r a r y  s t a r t i n g  p o i n t .  

To rev iew then, we have an o s c i l l a t o r  
connected t o  a c l o c k  and i t  may o r  may 
n o t  have had a t ime e r r o r  A t o  i n  a d d i t i o n  
t o  having o r  n o t  having some d r i f t  u x t 

from e i t h e r  t h e  c o r r e c t  o r  i n c o r r e c t  
f requency Av/v x t. 

A d d i t i o n  o f  these t ime e r r o r s  g ives  us 
t h e  c l o c k  e r r o r  a t  t ime t: 

Y 

AV 
Y V 

A t  = A t o  + u (I. = t) x t + - x t. 

The equat ion  shows how t h e  r e l a t i v e  f r e -  
quency o f f s e t  and s t a b i l i t y  accumulate 
t ime  e r r o r  as t grows l a r g e r .  L e t ' s  p l u g  
i n  some numbers and see what happens t o  
ou r  c lock .  Assume t h e  o s c i l l a t o r  was o f f  
f requency by 1 p a r t  i n  l o l l ,  f l u c t u a t e s  
by 1 p a r t  i n  10" p e r  day, and had a 1 
microsecond e r r o r  yes terday  a t  t h i s  t i m e .  
Reading the  graph we see t h a t  our  c l o c k  
e r r o r  would be about th ree  microseconds. 

FIGURE 11.4. RELATIONSHIPS BETWEEN CLOCK ACCURACY, FREQUENCY 
STABILITY, AND FREQUENCY OFFSET. 
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We g e t  a lmost  1 microsecond e r r o r  from 

cy  o f f s e t  and one f rom our  i n i t i a l  se t -  
t i n g  e r r o r .  

f l u c t u a t i o n s ,  1 microsecond f rom frequen- V I t l R A T l N G  R O U  

V I B R A T I N G  &Le) y, B L O C K  --- . .> \ 

.4 
I 

11.4 RESONATORS L-- -J 

The performance o f  an o s c i l l a t o r  depends 
a l o t  on i t s  b a s i c  f requency-determin ing  e l e -  
ment. T h i s  element determines t h e  frequency 

a resonator .  Some examples o f  resonators  a re  
a r o d  clamped o n l y  a t  one end t h a t  can v i -  
b r a t e ;  a b l o c k  o f  s o l i d  m a t e r i a l  t h a t  can con- 
t r a c t  and expand and thus  v i b r a t e ;  an e l e c t r i -  
c a l  c a p a c i t o r - c o i l  combinat ion ( t a n k  c i r c u i t )  
i n  which t h e  energy can o s c i l l a t e  back and 
f o r t h ;  and a c o i l  i n  which an e l e c t r i c  c u r r e n t  
can c r e a t e  a magnetic f i e l d  which can o s c i l -  
l a t e  between i t s  two p o s s i b l e  p o l a r i t i e s  (a  

t h i n g  i n  common--they w i l l  v i b r a t e  o r  o s c i l -  
l a t e  i f  t h e y  a r e  e x c i t e d .  The method o f  e x c i -  
t a t i o n  may be a mechanical pu lse ,  an e l e c t r i -  
c a l  pu lse ,  o r  a sudden surge o f  an e l e c t r i c  o r  

(- - -) - (+ t +) 
by i t s  resonance behav io r .  Thus, i t  i s  c a l l e d  - -- 

O S C I L L A T I N G  3- 
O S C I L L A T I N G  C A P A C I T O R - C O I L  E3 ( T A N K )  D I P O L E  A N T E N N A  

- 
S O S C I L L A T I N G  M A G N E T I C  

magnetic d i p o l e ) .  These dev ices have one N )  U I P O L E  A N T E N N A  

FIGURE 11.5. EXAMPLES OF RESONATORS. 

M A X .  I N T E N S I T Y  
I I 

E X C I l I N G  
P U L S t  E N U S  

w = -  1 
I Y T  

FIGURE 11.6. DECAY TIME, LINEWIDTH, AND Q-VALUE OF A RESONATOR. 
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magnetic f i e l d .  These devices e x h i b i t  reso-  
nance. They a r e  resonators  w i t h  a w e l l -  
de f i ned  cen te r  f requency which i s  a cha rac te r -  
i s t i c  o f  t h e  l e n g t h  o f  t he  rod,  t he  th ickness 
o f  t he  b lock ,  t h e  s i z e  o f  t h e  c a p a c i t o r  and 
c o i l ,  o r  t h e  l e n g t h  o f  t he  antennas. Once 
exc i ted ,  t he  o s c i l l a t i o n s  w i l l  g r a d u a l l y  d i e  
out .  The decay t ime  i s  determined by the  
losses i n  t h e  resonator .  Some o f  these losses 
are i n t e r n a l  f r i c t i o n ,  o r  e l e c t r i c a l  r e s i s t -  
ance. I n  any case, t h e  o s c i l l a t i o n  energy i s  
f i n a l l y  t ransformed i n t o  heat. I f  t h e r e  were 
no losses, t h e  o s c i l l a t i o n s  would never s top  
and we would have t h e  i d e a l  resonator .  The 
g r e a t e r  t h e  losses,  t h e  f a s t e r  t h e  o s c i l l a -  
t i o n s  w i l l  decay. We can use the  decay t ime 
o f  t he  o s c i l l a t i o n s  (symbol T) t o  descr ibe the  
q u a l i t y  o f  our resonator .  The l a r g e r  T i s ,  
t h e  b e t t e r  t he  resonator .  " B e t t e r "  f o r  us 
means t h a t  t he  dev ice favo rs  one frequency 
over a l l  o thers.  

An a l t e r n a t e  way o f  measuring resonance 
behavior  i s  t o  use a separate o s c i l l a t o r ,  
couple i t  t o  t h e  resonator ,  and s low ly  sweep 
the  frequency o f  t h e  o s c i l l a t o r .  We w i l l  f i n d  
a s i g n a l  f requency a t  which t h e  resonator  w i l l  
o s c i l l a t e ,  w i t h  maximum i n t e n s i t y .  Above o r  
below t h i s  resonance frequency, t h e  response 
o f  t h e  resonator  w i l l  lessen u n t i l  i t  ceases 
t o  respond. Th is  f requency i n t e r v a l  around 
resonance, f o r  which the  resonator  response i s  
r e l a t i v e l y  s t rong,  i s  c a l l e d  t h e  resonance 
l i n e w i d t h  (symbol W). There i s  a s imple r e l a -  
t i o n s h i p  between W and T, t h e  decay t i m e :  

1 W = - Hz. 
R T  

This  equat ion i s  an approx imat ion and 
a p p l i e s  o n l y  t o  c e r t a i n  types o f  resonance. 
Another f a c t o r  would have t o  be i n s e r t e d  i f  
t h e  resonance curve were d i f f e r e n t  from t h a t  
shown i n  f i g u r e  11.6. However, t h i s  f a c t o r  i s  
n e a r l y  equal t o  one: T i s  a c t u a l l y  de f i ned  as 
t h e  decay o f  t h e  ampl i tude t o  37% o f  i t s  
o r i g i n a l  value: 37% i s  l / e ,  e i s  t he  base o f  
n a t u r a l  l oga r i t hms  and equals 2.71828. 

As we d i d  i n  t h e  case o f  u (page 1941, 
i t  i s  convenient t o  consider  the  l i n e w i d t h  i n  
a f r a c t i o n a l  way. The f r a c t i o n a l  l i n e w i d t h  
would be W h o  where t h e  symbol vg i s  used f o r  
t he  resonant frequency. A more popular  term 
i s  t h e  " q u a l i t y  f a c t o r "  (Q) o f  t h e  device.  Q 
i s  de f i ned  as t h e  r e c i p r o c a l  f r a c t i o n a l  l i n e -  
w i d t h  

Q E -  "0 
W 

For accurate f requency sources and good 
c locks,  we want t o  have elements w i t h  very 

high 9 ' s .  A Q va lue  o f  one m i l l i o n  ( l o 6 )  
i s  very  common. For example, a 1 MHz c r y s t a l  
o s c i l l a t o r  w i t h  a Q o f  a m i l l i o n  would have a 
l i n e w i d t h  o f  1 h e r t z .  The o s c i l l a t o r  would 
then f a v o r  ope ra t i on  a t  a frequency w i t h i n  1 
h e r t z  o f  a megahertz. I f  t h i s  o s c i l l a t o r  were 
measured, i t s  frequency should be w i t h i n  i t s  
one h e r t z  range, i . e . ,  w i t h i n  a p a r t  pe r  
m i l l i o n .  I n  f a c t ,  i t  can be made much b e t t e r  
than t h a t .  Pa r t s  pe r  b i l l i o n  are t y p i c a l .  

I n  summary then, we want h i g h - q u a l i t y  
resonators  i f  our  end product  i s  t o  have good 
accuracy and s t a b i l i t y  c h a r a c t e r i s t i c s .  The 
d i scuss ion  t h a t  f o l l o w s  i n  t h i s  s e c t i o n  deals  
w i t h  severa l  types o f  h i g h - q u a l i t y  frequency 
sources. 

Many k i  nds o f  f requency-determi n i  ng 
elements have been and a re  be ing  used i n  
frequency sources. They can be grouped i n t o  
t h r e e  classes: 

mechanical resonators  

e l e c t r o n i c  resonators  

atomic resonators  

As f a r  as mechanical resonators  are con- 
cerned, we w i l l  o n l y  d iscuss one k ind ,  t h e  
quar t z  c r y s t a l .  Other mechanical resonators  
l i k e  the  pendulum and t h e  t u n i n g  f o r k  a re  o f  
l e s s  importance i n  today ' s  h igh  performance 
frequency sources, a l though they  have been 
h i s t o r i c a l l y  very  impor tan t  and are s t i l l  
w i d e l y  used i n  watches. For s i m i l a r  reasons, 
we w i l l  a l s o  omi t  t he  d i scuss ion  o f  e l e c t r o n i c  
resonators  such as LC tank  c i r c u i t s  and micro-  
wave c a v i t i e s .  Atomic resonators  form the  
h e a r t  o f  our most accurate f requency sources 
and c locks,  and w i l l  t h e r e f o r e  be e x t e n s i v e l y  
discussed. 

11.5 PRIMARY AND SECONDARY STANDARDS 

A t  t h i s  p o i n t ,  we should b r i e f l y  d iscuss 
t h e  terms "pr imary f requency standard" and 
"secondary frequency standard". These terms 
r e f e r  t o  t h e  a p p l i c a t i o n  o f  t he  devices;  any 
f requency source, regard less o f  i t s  accuracy 
o r  s t a b i l i t y ,  can be a pr imary f requency stan- 
dard,  i f  i t  i s  used as the  s o l e  c a l i b r a t i o n  
re fe rence  f o r  o the r  f requency sources. A 
secondary f requency s tandard i s  a dev ice which 
i s  occas iona l l y  c a l i b r a t e d  aga ins t  a pr imary 
f requency standard b u t  o p e r a t i o n a l l y  serves as 
the  working reference f o r  o the r  f requency 
sources. 

The machines used f o r  p r imary  standards,  
l i k e  those a t  NBS, Boulder,  NRC, Canada, and 
i n  Germany and England, a re  i n  a c l a s s  by 
themselves. Because o f  t he  way they  have been 
b u i l t  and operated, they can be evaluated. 
Th is  means t h a t  exper imental  data i s  taken and 
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FIGURE 11.7. THE U.S. PRIMARY FREQUENCY STANDARD, NBS-6. 
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P R I M A R Y  I D I R E C T  C A L I B R A T I O N  
S T A N D A R D  1 
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, L I B R A T I O N  

4 

FIGURE 11.8. HIERARCHY OF FREQUENCY STANDARDS. 
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used t o  c a l c u l a t e  t h e  e r r o r s  i n  t h e i r  ou tpu t  
f requency due t o  a l l  known causes. It i s  
because o f  t h i s  c a r e f u l  e v a l u a t i o n  t h a t  t h e  
accuracy can be s t a t e d  w i t h o u t  hav ing  t o  check 
these machines aga ins t  o thers .  Th is  concept 
w i l l  be discussed i n  d e t a i l  i n  connect ion  w i t h  
t h e  cesium beam frequency sources. 

11.6 QUARTZ CRYSTAL OSCILLATORS 

Quar t z  c r y s t a l  o s c i l l a t o r s  a re  w ide ly  
used. They range from t h e  t i n y  u n i t s  found i n  
wr is twatches  t o  e labo ra te  ins t ruments  i n  
l a b o r a t o r i e s .  Sometimes they  a re  c a l l e d  c r y -  
s t a l  o s c i l l a t o r s  and sometimes quar t z  o s c i l -  
l a t o r s .  Whatever t h e  name, they  dominate t h e  
f i e l d  o f  good frequency sources. 

The quar t z  c r y s t a l  i n  t h e  o s c i l l a t o r  i s  a 
mechanical resonator .  The r e s o n a t o r ' s  o s c i l -  
l a t i o n s  have t o  be e x c i t e d  and sensed. Th is  
i s  done by t a k i n g  advantage o f  t h e  p iezoe lec-  
t r i c  e f f e c t  i n  t h e  quar t z  c r y s t a l .  The p iezo-  
e l e c t r i c  e f f e c t  ( f i g u r e  11.9) r e s u l t s  when 
mechanical compression o f  t he  c r y s t a l  gener- 
a tes  a vo l tage  across t h e  c r y s t a l .  Converse- 
ly ,  t h e  a p p l i c a t i o n  of an ex te rna l  vo l tage  
across t h e  c r y s t a l  causes t h e  c r y s t a l  t o  
expand o r  c o n t r a c t  depending on t h e  p o l a r i t y  
o f  t h e  vo l tage.  A c r y s t a l  i s  n o t  a homogeneous 
medium b u t  has a c e r t a i n  p r e f e r r e d  d i r e c t i o n ;  
thus ,  t h e  p i e z o e l e c t r i c  e f f e c t  has a d i r e c -  

t i o n  w i t h  t h e  a i d  o f  o p t i c a l  techniques which 
a l l o w  t h e  de te rm ina t ion  o f  t h e  c r y s t a l l o -  
g raph ic  axes. The h i g h - p r e c i s i o n ,  f i n a l  
o r i e n t a t i o n  o f  t he  c u t  and t h e  t u n i n g  t o  t h e  
des i red  frequency i s  then done by g r i n d i n g  and 
e tch ing ,  c o n t r o l l e d  by x - ray  methods. 

The quar t z  c r y s t a l  can be c u t  and e lec -  
t r i c a l l y  e x c i t e d  i n  a v a r i e t y  o f  ways. The 
most common types  o f  v i b r a t i o n s  (modes) a re  
t h e  l o n g i t u d i n a l  and th ickness  modes, t h e  
f l e x u r e  (bending) mode, t h e  t o r s i o n a l  mode, 
and t h e  shear mode. I n  o rde r  t o  use t h e  
p i e z o e l e c t r i c  e f f e c t ,  metal  e lec t rodes  have t o  
be a t tached t o  t h e  c r y s t a l  sur faces  so t h a t  
t h e  des i red  mode i s  exc i ted .  

The e lec t rodes  a r e  t y p i c a l l y  c rea ted  as 
ex t remely  t h i n  m e t a l l i c  coa t ings  by  vacuum 
evapora t ion  o f  metals.  E l e c t r i c  leads a re  
a t tached  t o  t h e  e lec t rodes  by so lde r ing .  They 
a l s o  serve as t h e  mounting support ,  thus  f r e e -  
l y  suspending the  quar t z  c r y s t a l .  I n  o rder  t o  
l e a s t  upset t h e  mechanical v i b r a t i o n s  o f  t h e  
c r y s t a l ,  t h e  e lec t rode-suppor t  leads a r e  
a t tached  a t  p o i n t s  where no v i b r a t i o n a l  mot ion  
occurs (nodes). The c r y s t a l  i s  then packaged 
and t h e  case i s  e i t h e r  f i l l e d  w i t h  a p ro tec -  
t i v e  gas o r  e l s e  evacuated. 

Using t h e  c r y s t a l ,  an o s c i l l a t o r  can be 
b u i l t  by adding an e l e c t r o n i c  a m p l i f i e r  feed- 
back and a power supply.  The o s c i l l a t o r  ou t -  
p u t  f requency i s  determined by the  quar t z  c ry -  
s t a l  resonator .  I t s  f requency i n  t u r n  i s  
determined by t h e  phys i ca l  dimensions o f  t h e  
c r y s t a l  t oge the r  w i t h  t h e  p r o p e r t i e s  o f  t h e  
c r y s t a l l i n e  quar t z  used. The ac tua l  ope ra t i ng  
f requency thus depends on t h e  o r i e n t a t i o n  o f  
t h e  c u t ,  t h e  p a r t i c u l a r  mode, and t h e  dimen- 
s ions  o f  t h e  c r y s t a l .  As an example, we f i n d  
t h a t  t h e  resonance frequency, f o r  a l o n g i t u d i -  
n a l  mode o f  v i b r a t i o n ,  i s  approximately:  I ' P R E S S U R E  

1 v = 2 .7  x 103 x ~ ,  
0 

P R E S S U R E  u 
A P P L I E D  P R E S S U R E  
G E i V C  R A T E S  V O L T A G E  

A P P L I E U  V O L T A G E  
C A U  S E S C O N T R A C T  I 0 N 

FIGURE 11.9. THE PIEZOELECTRIC EFFECT. 

t i o n a l  dependence w i t h  respec t  t o  t h e  o r i e n t a -  
t i o n  o f  t h e  c r y s t a l .  I n  o rde r  t o  take  advan- 
tage o f  t h e  p i e z o e l e c t r i c  e f f e c t ,  one has t o  
c u t  a c r y s t a l  resonator  f rom t h e  o r i g i n a l  
c r y s t a l  b l o c k  i n  a w e l l - d e f i n e d  way w i t h  
respec t  t o  t h e  c r y s t a l l o g r a p h i c  d i r e c t i o n s .  
The raw m a t e r i a l  used today i s  n a t u r a l  o r  
s y n t h e t i c  quar tz .  A c r y s t a l  i s  c u t  o u t  o f  t h e  
raw c r y s t a l  m a t e r i a l  i n  t h e  des i red  o r i e n t a -  

where L i s  t h e  l e n g t h  o f  t h e  c r y s t a l .  I f  L i s  
i n  meters, t h e  resonance frequency vo w i l l  be 
i n  h e r t z .  The equat ion  a l l ows  us t o  es t imate  
t h e  s i z e  o f  t h e  c r y s t a l s .  For example, a 100 
kHz c r y s t a l  w i l l  have a l e n g t h  o f  j u s t  a few 
cent imeters .  We see t h a t  t h e  manufacture o f  
qua r t z  c r y s t a l s  w i t h  resonance f requenc ies  
above 10 MHz i s  h a r d l y  poss ib le .  However, we 
can e x c i t e  resonators  n o t  o n l y  i n  t h e i r  so- 
c a l l e d  fundamental mode ( p r e v i o u s l y  d i s -  
cussed), b u t  a l s o  a t  m u l t i p l e s  (overtones) o f  
t h i s  fundamental resonance frequency. An 
example o f  t h i s  i s  t h e  v i o l i n  s t r i n g  which 
a l s o  can be caused t o  v i b r a t e  a t  f requenc ies  
which a re  m u l t i p l e s  o f  i t s  fundamental. 
Quar t z  c r y s t a l s  which a re  designed f o r  e x c i t a -  
t i o n  a t  m u l t i p l e s  o f  t h e i r  fundamental reso- 
nance a re  c a l l e d  overtone c r y s t a l s .  
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1 1 . 6 . 1  TEMPERATURE AND AGING OF CRYSTALS 

Temperature and aging are  two e f f e c t s ,  
among o the rs ,  which are  impor tan t  i n  t h e  de- 
s i g n  o f  c r y s t a l s  and c r y s t a l  o s c i l l a t o r s .  
There i s  a temperature dependence o f  t h e  
quar t z  c r y s t a l  t h a t  a f f e c t s  resonance frequen- 
cy,  and t h e r e  i s  a l s o  a d r i f t  o f  t h e  resonance 
frequency as t ime  goes on. 

The temperature dependence i s  caused by a 
s l i g h t  change i n  t h e  e l a s t i c  p r o p e r t i e s  o f  t h e  
c r y s t a l .  C e r t a i n  c u t s  ( c r y s t a l l o g r a p h i c  
o r i e n t a t i o n s  o f  t h e  c r y s t a l )  minimize t h i s  
e f f e c t  over a r a t h e r  wide range o f  tempera- 
t u r e s ,  most no tab ly  t h e  so -ca l l ed  "AT" and 
"GT" cu ts .  Temperature c o e f f i c i e n t s  o f  l e s s  
than  one p a r t  i n  100 m i l l i o n  p e r  degree ( c e l -  
s i u s  o r  k e l v i n )  a r e  poss ib le .  I n  o t h e r  words, 
t h e  f r a c t i o n a l  frequency change w i l l  be l e s s  
than w i t h  one degree o f  temperature 
change. Th is  smal l  e f f e c t  requ i res  care i n  
t h e  design o f  a c r y s t a l  o s c i l l a t o r  i f  very  
h i g h  frequency s t a b i l i t i e s  over longer  t imes 
(hours o r  days) a re  des i red .  I f  l a r g e  env i -  
ronmental temperature f l u c t u a t i o n s  a re  t o  be 
t o l e r a t e d ,  t h e  c r y s t a l s  themselves a re  
enclosed i n  e l e c t r o n i c a l l y  regu la ted  ovens 
which ma in ta in  a cons tan t  temperature. I n  
c e r t a i n  c r y s t a l  o s c i l l a t o r s  t h i s  i s  done t o  
b e t t e r  than 1/1000 o f  a degree. 

An a l t e r n a t e  s o l u t i o n  t o  t h e  temperature 
problem i s  t h e  so -ca l l ed  temperature-compen- 
sated c r y s t a l  o s c i l l a t o r  o r  TCXO. An addi-  
t i o n a l  f requency-determining element i n  t h e  
o s c i l l a t o r ,  which can be j u s t  a smal l  capaci-  
t o r ,  a l l ows  us t o  tune t h e  o s c i l l a t o r  over a 
l i m i t e d  range. I f  a temperature sensor i s  
added t o  cause a change i n  t h i s  capac i to r ,  t h e  
change i n  resonance frequency o f  t h e  c r y s t a l  
resonator  can be cance l led .  Capac i to rs  whose 
values change w i t h  an a p p l i e d  vo l tage  (varac- 
t o r s )  a re  used. The a p p l i e d  vo l tage  i s  
de r i ved  from a temperature-sensing c i r c u i t .  

The TCXO does n o t  necessa r i l y  r e q u i r e  
f u r t h e r  temperature c o n t r o l  by  an oven. How- 
ever ,  t h e r e  i s  a drawback t o  t h i s  approach. 
By adding another f requency-determining e l e -  
ment, t h e  c r y s t a l  resonator  loses  a cor res-  
ponding p a r t  o f  i t s  c o n t r o l  on t h e  ou tpu t  f r e -  
quency of t h e  whole o s c i l l a t o r .  The long-term 
s t a b i l i t y  (days) o f  TCXO's i s  t h e r e f o r e  below 
t h a t  o f  c r y s t a l s  w i t h  a good oven c o n t r o l .  
TCXO's a r e  used i n  smal l ,  u s u a l l y  p o r t a b l e  
u n i t s  o f  r e l a t i v e l y  lower  performance. They 
a re  used where frequency s t a b i l i t i e s  f rom day 
t o  day and frequency changes (over  some tens  
o f  degrees o f  temperature) o f  n o t  b e t t e r  than 

a r e  needed. 

D r i f t ,  o r  aging, i s  a common behav io r  o f  
a l l  c r y s t a l  o s c i l l a t o r s .  It i s  a n e a r l y  
l i n e a r  (uniform) change i n  resonance frequency 

w i t h  t ime.  Drift o f t e n  i s  negat ive,  meaning 
t h a t  t he  resonance f requency decreases. A 
f requency decrease cou ld  be i n t e r p r e t e d  as an 
inc rease i n  t h e  c r y s t a l  s i ze .  Many t h i n g s  
have been considered as the  cause: contami- 
n a t i o n  (depos i t i ng  o f  f o r e i g n  m a t e r i a l )  on t h e  
sur faces ;  changes i n  t h e  e lec t rodes  o r  t h e  
m e t a l l i c  p l a t i n g ;  re fo rm ing  o f  loose ( f rom 
g r i n d i n g  and e tch ing )  sur face  m a t e r i a l  ; o r  
changes i n  the  i n t e r n a l  c r y s t a l  s t r u c t u r e .  
A l l  o f  these are  p o s s i b l y  caused o r  enhanced 
by t h e  v i b r a t i n g  mot ion  o f  t he  o s c i l l a t i n g  
c r y s t a l .  Recent c r y s t a l  ho lde r  design i m -  
provements, combined w i t h  c lean vacuum enclo- 
sures,  have l e d  t o  a reduc t i on  o f  ag ing  t o  
about p e r  day. For a 5 MHz c r y s t a l  w i t h  
a th ickness  o f  a l i t t l e  l e s s  than a m i l l i -  
meter,  t h i s  ag ing  corresponds t o  an absol Ute 
th ickness  change o f  o n l y  o f  a m i l l i -  
meter,  o r  l e s s  than 0.1% o f  t h e  diameter o f  an 
atom. 

When a c r y s t a l  o s c i l l a t o r  i s  f i r s t  t u rned  
on, i t  w i l l  n o t  u s u a l l y  o s c i l l a t e  a t  i t s  o r i g -  
i n a l  frequency. It w i l l  e x h i b i t  a "warm-up" 
due t o  temperature s t a b i l i z a t i o n  o f  t h e  c rys-  
t a l  resonator  and i t s  oven. For some t ime 
then, o f t e n  many days, a l a r g e  b u t  d i m i n i s h i n g  
d r i f t  occurs u n t i l  i t  reaches i t s  ope ra t i ng  
p o i n t .  I t s  frequency then might  a l s o  be sub- 
s t a n t i a l l y  d i f f e r e n t  (as compared t o  i t s  
s t a b i l i t y  and ag ing  performance) from i t s  
f requency be fo re  power was tu rned  o f f .  

11.6.2 QUARTZ CRYSTAL OSCILLATOR PERFORMANCE 

Crys ta l  resonators  have Q-values which 
a r e  t y p i c a l l y  i n  t h e  range from Q = l o 5  t o  
almost l o 7 .  These a re  ve ry  h i g h  Q-values as 
compared t o  most o t h e r  resonators  except 
atomic resonators .  

These h i g h  Q-values a re  an e s s e n t i a l  p re-  
r e q u i s i t e  f o r  t h e  e x c e l l e n t  s t a b i l i t y  p e r f o r -  
mance o f  c r y s t a l  o s c i l l a t o r s .  The b e s t  a v a i l -  
ab le  o s c i l l a t o r s  have s t a b i l i t i e s  o f  a few 
p a r t s  i n  ioi3 f o r  sampling t imes from one 
second t o  a day. There i s  some exper imental  
evidence t h a t  some c r y s t a l  resonators  may, i n  
t h e  f u t u r e ,  per fo rm even b e t t e r !  The l i m i t a -  
t i o n s  a re  p r i m a r i l y  caused by no ise  f rom e lec-  
t r o n i c  components i n  t h e  o s c i l l a t o r  c i r c u i t s .  
Th i s  no ise  may p o s s i b l y  be reduced by selec- 
t i o n  o f  low-noise components-- t ransistors,  
capac i to rs ,  e t c . ,  and by spec ia l  c i r c u i t  
designs. Thus, t he re  i s  a reasonable chance 
t h a t  c r y s t a l  o s c i l l a t o r  s t a b i l i t y  can reach 
va lues  o f  b e t t e r  than f o r  sampling t imes 
o f  seconds t o  hours. For t imes s h o r t e r  than 
one second, s t a b i l i t y  i s  o f t e n  determined by 
a d d i t i v e  no ise  i n  t h e  ou tpu t  a m p l i f i e r s .  Th i s  
can be reduced by a c r y s t a l  f i l t e r  i n  t h e  
ou tpu t .  The long-term s t a b i  1 i t y  beyond 
severa l  hours sampling t ime  i s  determined by 
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FIGURE 11.14. FREQUENCY STABILITY OF THE BETTER QUARTZ CRYSTAL OSCILLATORS. 

aging and by ex te rna l  i n f l u e n c e s  such as l i n e  
vo l tage  v a r i a t i o n s ,  temperature f l u c t u a t i o n s ,  
e t c .  A s p e c i f i c a t i o n  o f  accuracy i s  n o t  eas i -  
l y  s t a t e d  f o r  c r y s t a l  o s c i l l a t o r s .  Without 
frequency c a l i b r a t i o n ,  they can be ,manufac- 
t u r e d  by c o n t r o l l i n g  the  dimensions o f  t he  
quar t z  used t o  w i t h i n  o f  a nominal f r e -  
quency. I f  they a re  c a l i b r a t e d  aga ins t  a h i g h  
accuracy f requency source, they ma in ta in  t h i s  
c a l i b r a t i o n  (accuracy) i n  accordance w i t h  
t h e i r  long- term s t a b i l i t y  c h a r a c t e r i s t i c s .  A 
c r y s t a l  w i t h  a low aging c h a r a c t e r i s t i c  o f  

pe r  day w i l l  ma in ta in  i t s  accuracy t o  a 
f e w  p a r t s  i n  l o 8  f o r  a year  w i t h o u t  r e c a l i -  
b r a t i o n .  

It i s  apparent,  t h e r e f o r e ,  t h a t  c r y s t a l  
o s c i l l a t o r s  r e q u i r e  c a l i b r a t i o n  a t  l e a s t  once 
a year.  They may need i t  more o f t e n  depending 
on the  a p p l i c a t i o n .  Frequency adjustments are 
made w i t h  a smal l  added c a p a c i t o r  i n  much the  
same way as was discussed i n  connect ion w i t h  
the  TCXO. The most s t a b l e  c r y s t a l  o s c i l l a -  
t o r s ,  w i t h  the  lowest  ag ing r a t e ,  c o s t  approx- 
i m a t e l y  $2,000. They have a volume o f  a few 
thousand cub ic  cent imeters,  and r e q u i r e  i n p u t  
power o f  about 10 wat ts .  They have an e labo r -  
a t e  c r y s t a l  oven f o r  temperature c o n t r o l ,  
wel l -des igned e l e c t r o n i c s ,  and u s u a l l y  severa l  
ou tpu t  f requencies which a re  de r i ved  from the  
o s c i l l a t o r  w i t h  frequency d i v i d e r s  and m u l t i -  
p l i e r s .  These h i g h  performance devices use 
2.5 o r  5 MHz c r y s t a l  resonators  hav ing 
Q-values o f  a few m i l l i o n .  

Cheaper and sma l le r  c r y s t a l  o s c i l l a t o r s  
are a v a i l a b l e  i n  a v a r i e t y  of designs w i t h  
corresponding reduc t i ons  i n  frequency s t a b i l i -  
t y  and/or environmental  i n s e n s i t i v i t y .  Costs 
can go down t o  below $100, s i zes  t o  a few 
cub ic  cent imeters,  and power requirements t o  

l e s s  than 0.1 wa t t .  The r e l i a b i l i t y  o f  
c r y s t a l  o s c i l l a t o r s  i s  u s u a l l y  n o t  l i m i t e d  by 
t h e  c r y s t a l  i t s e l f ,  b u t  a l s o  depends on t h e  
accompanying e l e c t r o n i c  c i r c u i t s .  

11 .7  ATOMIC RESONANCE DEVICES 

Commercially a v a i l a b l e  atomic f requency 
o s c i  11 a t o r s  a re  based on resonances i n  atoms 
a t  microwave f requenc ies - - i n  t h e  range from 1 
t o  100 GHz (g igaher t z  o r  b i l l i o n  he r t z ) .  We 
may p i c t u r e  atomic resonance as a magnetic 
d i p o l e  antenna. We t y p i c a l l y  deal  w i t h  a 
g r e a t  many o f  these d i p o l e  antennas (atomic 
resonators) ,  and we can, as a s i m p l i f i c a t i o n ,  
separate them i n t o  two kinds: Receiv ing 
antennas rece ive  energy f rom a magnetic f i e l d  
t h a t  o s c i l l a t e s  a t  t h e i r  resonance frequency, 
much l i k e  a TV antenna a t  home. T r a n s m i t t i n g  
antennas r a d i a t e  energy a t  t h e i r  resonance 
frequency j u s t  1 i ke t h e  t r a n s m i t t i n g  antenna 
o f  a broadcast s t a t i o n .  A p h y s i c i s t  might  say 
t h a t  t he  atoms t h a t  a c t  l i k e  a r e c e i v i n g  
antenna a re  i n  the  " lower  s t a t e "  and those 
a c t i n g  l i k e  a t r a n s m i t t i n g  antenna are i n  t h e  
"upper s ta te . ' '  

There is a peculiarity with atoms: 
an atom changes from the upper to 
the lower state upon emission of a 
well-defined amount of energy. 
Correspondingly, an atom changes 
from the lower to the upper state 
after receiving an equal amount of 
energy at the atomic resonance 
frequency. 

I f  we have a g r e a t  many atoms as i n  a 
gas, 'we w i l l  f i n d  t h a t  t he  number o f  upper 
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s t a t e  atoms i s  n e a r l y  equal t o  those i n  a 
lower  s t a t e .  Th is  has an impor tan t  conse- 
quence: I f  t h i s  gas i s  p laced i n  a magnetic 
f i e l d  t h a t  o s c i l l a t e s  a t  t h e  atomic resonance 
frequency, a1 1 atoms w i  11 resonate.  Near ly  
h a l f  o f  t h e  atoms rece ive  (absorb) energy f rom 
t h e  f i e l d ,  and t h e  o t h e r  h a l f  em i t  (add) 
energy o f  an equ iva len t  amount t o  t h e  f i e l d .  
The n e t  e f f e c t  i s  a lmost zero. The gas as a 
whole a c t s  as i f  i t  has almost no resonance 
even though the  i n d i v i d u a l  atoms do resonate.  
From t h i s  we see t h a t  i n  o rde r  t o  achieve 
atomic resonance, we have t o  somehow change 
t h e  r e l a t i v e  amounts o f  t h e  two k inds  o f  
atoms. The upper o r  t h e  lower  s t a t e  has t o  be 
i n  t h e  m a j o r i t y .  The way i n  which t h i s  i s  
done determines the  design o f  our  atomic 
f requency o s c i l l a t o r .  

11.7.1 STATE SELECTION 

There a r e  two impor tan t  methods used t o  
accompl ish what i s  c a l l e d  s t a t e  se lec t i on - - the  
change i n  t h e  r e l a t i v e  numbers o f  t h e  two 
k inds  o f  atoms (upper s t a t e  and lower  s ta te ) :  

L I G H T  
B E A kt 

KIND 1 - A T O M S  
( L O W E R  S T A T E )  

K I N D  2 - A T O M S  
( U P P E R  S T A T E )  

E Q U A L  A M O U N T  OF T H E  / TWO K I N D S  O F  A T O M S  

Spatial.  s t a t e  s e l e c t i o n  r e l i e s  on an 
ac tua l  s o r t i n g  procedure where t h e  two atomic 
s t a t e s  a re  so r ted  i n t o  d i f f e r e n t  d i r e c t i o n s  i n  
space. One o f  t h e  s t a t e s  can then be used; 
t h e  o t h e r  i s  discarded. An ac tua l  system may 
produce an atomic gas by hea t ing  some sub- 
stance i n  an oven. The atoms leave the  oven 
th rough a ho le  and form an atomic beam i n  an 
ad jacent  vacuum chamber. The atomic beam i s  
then passed through a r a t h e r  s t rong  magnet 
which causes t h e  separa t ion  o f  t h e  beam i n t o  
two beams, one c o n t a i n i n g  t h e  upper s t a t e  
atoms, t h e  o t h e r  t h e  lower s t a t e  atoms. 
Reca l l  t h a t  our  p i c t u r e  o f  an atom i s  t h a t  o f  
a magnetic d i p o l e  antenna. The magnet e x e r t s  
a f o r c e  on these magnetic d ipo les .  The f o r c e  
a c t s  i n  oppos i te  d i r e c t i o n s  f o r  t h e  two d i f -  
f e r e n t  atomic s t a t e s  (we no te  t h i s  w i t h o u t  
f u r t h e r  exp lanat ion) .  

O p t i c a l  s t a t e  s e l e c t i o n  takes  advantage 
o f  t h e  f a c t  t h a t  atoms have more than j u s t  one 
k i n d  o f  resonance. Other resonances t y p i c a l l y  
correspond t o  i n f r a r e d  o r  v i s i b l e  ( l i g h t )  
f requenc ies .  We can e x c i t e  one o f  these 
resonances by s h i n i n g  i n tense  l i g h t  o f  t h e  

R E F L E C T O R - M I R R O R  

G A S  C ~ L L  I 

S T A T E  S E L E C T E U  
T h R O U G H  A C T I O N  
OF T H E  L I G H T  

FIGURE 11.16. OPTICAL STATE SELECTION. 
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r i g h t  frequency on t h e  atoms. I f  t h e  l i g h t  i s  
f i l t e r e d  c a r e f u l l y ,  very  monochromatic--one 
c o l o r  (a  very w e l l - d e f i n e d  f r e q u e n c y ) - - l i g h t  
i s  obtained. If t h e  l i g h t  f requency i s  chosen 
p r o p e r l y ,  o n l y  one k i n d  o f  atom w i l l  resonate.  
It w i l l  be found t h a t  t h i s  l i g h t  f requency i s  
d i f f e r e n t  f rom t h e  corresponding l i g h t  reso- 
nance o f  t h e  o the r  k i n d  o f  atom. L i g h t  reso- 
nance can thus "remove" one k i n d  o f  atom and 
p rov ide  f o r  t he  des i red  m a j o r i t y  o f  t he  o the r  
k ind.  

11.7.2 HOW TO DETECT RESONANCE 

We a re  now almost i n  a p o s i t i o n  t o  assem- 
b l e  our atomic f requency o s c i l l a t o r .  We s t i l l  
need some means t o  d e t e c t  atomic resonance. A 
s h o r t  waveguide o r  microwave c a v i t y  i s  t y p i -  
c a l l y  used. Such a c a v i t y  has microwave reso- 
nances which are determined by i t s  phys i ca l  
s ize.  The e l e c t r i c a l  losses o f  t h i s  c a v i t y  
are determined by the  e l e c t r i c a l  c o n d u c t i v i t y  
o f  t h e  c a v i t y  m a t e r i a l .  A c a v i t y  may be 
shaped l i k e  a c y l i n d e r  o r  a box. It resonates 
i n  a way q u i t e  s i m i l a r  t o  an organ p i p e  i n  the  
case o f  sound waves. The b e s t  known example 
o f  a microwave c a v i t y  i s  t he  microwave oven 
where food i s  cooked by p l a c i n g  i t  i n t o  the  
resonance f i e l d  o f  a c a v i t y .  

I n  o rde r  t o  observe atomic resonance, we 
have t o  p lace  t h e  s ta te -se lec ted  atoms i n s i d e  
t h i s  c a v i t y  and s u b j e c t  them, f o r  some speci -  
f i e d  t ime, t o  a microwave r a d i o  s i g n a l  a t  
t h e i r  resonance frequency. The microwave 
s i g n a l  w i l l  change the  r e l a t i v e  number o f  
atoms i n  the  two s ta tes .  I f  a l l  atoms were 

i n i t i a l l y  i n  the  upper s t a t e ,  we w i l l  f i n d  
some i n  the  lower s t a t e  a f t e r  t he  microwave 
s i g n a l  has acted upon them f o r  some t i m e .  If 
t h e  frequency o f  t he  microwave s i g n a l  equals 
t h e  atomic resonance frequency, t h e  t r a n s f e r  
o f  atoms from one s t a t e  t o  t he  o the r  reaches a 
maximum. The cen te r  o f  t he  atomic resonance 
i s  thus found by mon i to r i ng  the  number o f  
atoms i n  one o f  t h e  two s t a t e s  w h i l e  v a r y i n g  
t h e  microwave frequency u n t i l  t he  number of  
atoms i n  the  lower s t a t e  reaches a maximum, o r  
t h e  number o f  atoms i n  the  upper s t a t e  reaches 
a minimum. An e l e c t r i c  s i g n a l  can be obta ined 
from the  s t a t e  s e l e c t o r  which i s  f e d  back t o  
t h e  c r y s t a l  o s c i l l a t o r  generat ing the  micro-  
wave s i g n a l .  Thus, an automat ic servo can be 
b u i l t  t h a t  keeps the  c r y s t a l  o s c i l l a t o r  locked 
t o  the  atomic resonance. 

De tec t i ng  the  e f f e c t  o f  t he  microwave 
s i g n a l  on t h e  atoms can be done i n  t h r e e  ways. 
Two o f  these r e l a t e  t o  t he  methods o f  s t a t e  
s e l e c t i o n .  

I n  atom d e t e c t i o n ,  t he  atoms which leave 
t h e  c a v i t y  as an atomic beam are passed 
through the  f i e l d  o f  a magnet t h a t  s p a t i a l l y  
s o r t s  the  two s ta tes .  An atom de tec to r  i s  
p laced t o  i n t e r c e p t  one o f  these s ta tes .  The 
ou tpu t  o f  t he  d e t e c t o r  i n d i c a t e s  the  number o f  
atoms i n  the  upper ( o r  lower)  s ta te .  

Wi th  o p t i c a l  d e t e c t i o n ,  t he  atoms are 
o p t i c a l l y  s t a t e  se lected.  A photo-detector  
f o r  l i g h t  can be p laced i n  a p o s i t i o n  such 
t h a t  t h e  l i g h t  which has i n t e r a c t e d  w i t h  the  
atoms i s  detected. Since the  l i g h t  removes 
atoms from one o f  t he  s t a t e s ,  i t s  i n t e n s i t y  

I No S I G N A L  

A T O M I C  B E A M  

M I C R O W A V E  S I G N A L  + ( O F  A T O M I C  R E S O N A N C E  
F R E O U E N C Y )  

M A X I M U M  S I G N A L  

M I C R O W A V E  
C A V I T Y  

I \  
M A G N E T  

FIGURE 11.17. ATOM DETECTION. 
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FIGURE 11.18. OPTICAL DETECTION. 

w i l l  change i f  atoms t h a t  resonate a t  t h e  
l i g h t  frequency a re  added. Such an a d d i t i o n  
takes p lace  as a r e s u l t  o f  t h e  microwave 
s igna l .  The microwave, i n  e f f e c t ,  t r a n s f e r s  
atoms from a s t a t e  w i t h  no l i g h t  i n t e r a c t i o n  
t o  another which takes  p a r t  i n  t h e  l i g h t  
resonance. The l i g h t  a t  t h e  photo-de tec tor ,  
t he re fo re ,  i s  a measure o f  t h e  number o f  atoms 
i n  one o f  t h e  s ta tes .  

For  microwave de tec t i on ,  t h e  microwave 
r a d i o  s i g n a l  i s  t r a n s m i t t e d  th rough t h e  c a v i t y  
t o  a microwave de tec to r .  The atoms w i l l  
e i t h e r  add energy t o  the  s i g n a l  i f  they  a re  
i n i t i a l l y  i n  t h e  upper s t a t e  o r  s u b t r a c t  
energy i f  they  a re  i n i t i a l l y  i n  the  lower 
s ta te .  The microwave power l e v e l  a t  t he  
de tec to r  i s  thus  a measure o f  t h e  number o f  
atoms changing s t a t e .  

11.7.3 ATOMIC OSCILLATORS 

The frequency-determining element i s  t h e  
atomic resonator  which cons is t s  o f  a c a v i t y  
c o n t a i n i n g  t h e  s ta te -se lec ted  atoms and some 
means o f  d e t e c t i n g  t h e  change i n  t h e  number o f  
atoms i n  t h e  two s ta tes .  A c o n t r o l  s i g n a l ,  
r e l a t e d  t o  t h e  number o f  atoms t h a t  changed 
t h e i r  s t a t e  due t o  t h e  a c t i o n  o f  t h e  microwave 
s i g n a l ,  i s  f e d  back t o  t h e  c r y s t a l  o s c i l l a t o r .  
The o s c i l l a t o r  and t h e  assoc ia ted  frequency 
m u l t i p l i e r  p rov ide  t h e  energy - t rans fe r r i ng  

means. As discussed be fore ,  good c r y s t a l  
o s c i l l a t o r s  a r e  a v a i l a b l e  a t  f requenc ies  o f  
severa l  megahertz. The atomic resonances a re  
a t  g igaher t z  f requenc ies .  The c r y s t a l  o s c i l -  
l a t o r  f requency t h e r e f o r e  has t o  be m u l t i p l i e d  
by a f a c t o r  o f  about 1000. Some power supply 
has t o  p rov ide  t h e  energy necessary t o  d r i v e  
t h e  o s c i l l a t o r ,  m u l t i p l i e r ,  and p o s s i b l y  t h e  
atom s t a t e  se lec to r .  

Very h i g h  Q values can be achieved w i t h  
atomic resonators.  Reca l l  t h a t  resonator  Q i s  
r e l a t e d  t o  t h e  t ime  T, which descr ibes  t h e  
average d u r a t i o n  o f  osc i  1 l a t i o n s  o f  t h e  reso- 
na to r .  I n  atomic resonators ,  we f i n d  two 
c h i e f  causes f o r  t h e  dy ing  o u t  o f  o s c i l l a -  
t i o n s .  F i r s t  i s  t h e  c o l l i s i o n  o f  t h e  resonat-  
i n g  atoms w i t h  each o t h e r  and w i t h  sur round ing  
w a l l s .  Each c o l l i s i o n  u s u a l l y  te rmina tes  t h e  
o s c i l l a t i o n .  The second i s  r a t h e r  obvious. 
The atoms may s imp ly  leave t h e  r e g i o n  o f  
microwave s i g n a l  i n t e r a c t i o n .  I n  an atomic 
beam machine, t h e  atoms e n t e r  t h e  c a v i t y ,  
t r a v e r s e  t h e  c a v i t y  i n  a c e r t a i n  t ime,  and 
then  leave t h e  c a v i t y .  As an example, l e t  us 
assume t h a t  we have a c a v i t y  o f  one meter 
l e n g t h  which i s  t rave rsed  by  atoms w i t h  an 
average speed o f  100 meters p e r  second (a  
t y p i c a l  value).  We assume an atomic resonance 
frequency o f  10 GHz. The i n t e r a c t i o n  t ime  T 
i s  then 1/100 second, t h e  l i n e w i d t h  i s  100 Hz, 
and t h e  Q va lue  i s  l o 8 .  Th i s  Q va lue  i s  con- 
s i d e r a b l y  b e t t e r  than t h a t  o f  a qua r t z  o s c i l -  
1 a t o r .  
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11.7.4 ATOMIC RESONATOR FREQUENCY 
STABILITY AND ACCURACY 

F E E D B A C K  r-=--l A I 
Q U A R T Z  C R Y S T A L  I O S C I L L A T O R  l-----i-l!- 0 U T P U T 

A N D  F R E Q U E N C Y  R E S O N A T O R  
M U L T I P L I E R  t 

S U P P L Y  

FIGURE 11.20. ATOMIC FREQUENCY OSCILLATOR. 

Before we discuss what might cause 
changes in the output frequency of an atomic 
oscillator, we should make a very important 
distinction between quartz crystal and atomic 
oscillators: The atomic resonance frequency 
itself is given to us by the nature of our 
device. Unlike the quartz crystal, it will 
not drift or age. Thus, atomic resonators 
with Q values of lo8 or higher may be expected 
to have accuracies of one part in lo8 or 
better. This is because we will not be able 
to shift the frequency further away from 
resonance than the linewidth. 

The following listing is not exhaustive 
but gives only the minor perturbing effects on 
atomic resonators: 

Random noise in the crystal oscillator, 
the detector, the microwave cavity, and the 
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f requency syn thes izer  w i l l  cause corresponding 
changes o f  t h e  ou tpu t  f requency o f  t h e  atomic 
o s c i l l a t o r .  

The microwave c a v i t y  i s  i t s e l f  a resona- 
t o r .  Thus, we have an a d d i t i o n a l  frequency- 
de termin ing  element i n  a d d i t i o n  t o  t h e  atoms. 
The c a v i t y  i n f  1 uences t h e  ou tpu t  f requency by 
p u l l i n g  t h e  combined resonance frequency t o  a 
va lue  which u s u a l l y  l i e s  between t h e  reso- 
nances o f  t h e  atom and c a v i t y .  Th i s  neces- 
s i t a t e s  t h e  t u n i n g  o f  t h e  c a v i t y  i t s e l f  so i t  
i s  equal t o  t h e  atomic resonance. The re -  
quirements f o r  t u n i n g  a re  re laxed  i f  t h e  Q 
va lue  o f  t h e  atomic resonance i s  as h i g h  as 
p o s s i b l e  and t h e  c a v i t y  Q as low as poss ib le .  

The microwave s i g n a l  w i l l  never be j u s t  
one s i n g l e  f requency b u t  w i l l  have a c e r t a i n  
d i s t r i b u t i o n  o f  f requenc ies  o r  spectrum. I f  
t h e  e x c i t i n g  microwave s i g n a l  has an unsym- 
m e t r i c a l  d i s t r i b u t i o n  o f  f requenc ies ,  a f r e -  
quency p u l l i n g  occurs which i s  much l i k e  t h e  
mechanism o f  c a v i t y  p u l l i n g .  Th is  e f f e c t  can 
be made n e g l i g i b l e ,  however, by  c a r e f u l  
e l e c t r o n i c  design. 

C o l l i s i o n s  between t h e  atoms and between 
t h e  atoms and t h e  w a l l s  o f  a vessel  (gas c e l l )  
i n  which t h e  atoms may be conta ined w i l l  n o t  
o n l y  sho r ten  t h e  d u r a t i o n  o f  t h e  o s c i l l a t i o n  
b u t  a l s o  cause a f requency s h i f t .  Obviously,  
these e f f e c t s  can be minimized by hav ing  low 
atom d e n s i t i e s  and no w a l l s ,  i f  poss ib le .  

An apparent change i n  f requency when t h e  
source moves r e l a t i v e  t o  an observer i s  c a l l e d  
Doppler e f f e c t .  Everyone exper iences t h i s  by 
l i s t e n i n g  t o  an approaching t r a i n  w h i s t l e  o r  
automobi le sounds. Here, t h e  moving o b j e c t s  
a r e  t h e  o s c i l l a t i n g  atoms and t h e  "observer"  
i s  t h e  microwave c a v i t y .  The Doppler e f f e c t  
can be g r e a t l y  reduced by choosing a p a r t i c u -  
l a r  d i r e c t i o n  o f  t h e  atomic beam w i t h  respec t  
t o  t h e  d i r e c t i o n  o f  t h e  o s c i l l a t i n g  magnetic 
microwave f i e l d  i n  the  c a v i t y .  I n  our  acous- 
t i c  example, t h i s  corresponds t o  t h e  pass ing  
o f  t h e  w h i s t l e  a t  some l a r g e  d i s tance  i n s t e a d  
o f  hav ing  t h e  w h i s t l e  move d i r e c t l y  towards 
t h e  observer.  An a l t e r n a t e  way o f  reduc ing  
t h e  Doppler e f f e c t  i s  t h e  containment o f  atoms 
i n  a r e g i o n  which i s  small  compared t o  t h e  
wavelength o f  t h e  microwave r a d i a t i o n ;  e.g., 
by  p l a c i n g  a gas c e l l  i n s i d e  o f  t h e  c a v i t y .  

O f  t h e  severa l  e f f e c t s  which a re  d i s -  
cussed here,  magnetic f i e l d  change i s  t h e  o n l y  
one t h a t  d i r e c t l y  a f f e c t s  atomic resonance. 
Reca l l  t h a t  we used a smal l  magnetic d i p o l e  
antenna as t h e  model f o r  t h e  atomic resonance. 
I f  t h i s  antenna i s  p laced i n  an ex te rna l  
s t a t i c  magnetic f i e l d  (as t h a t  o f  a permanent 
magnet), t h e  t u n i n g  o f  t h e  antenna changes; 
t h a t  i s ,  t h e  atomic resonance frequency 
changes. Th is  necess i ta tes  magnetic s h i e l d -  

i n g ,  which i s  a c h a r a c t e r i s t i c  des ign  f e a t u r e  
o f  a l l  p r e s e n t l y  used atomic f requency o s c i l -  
l a t o r s .  The s h i e l d i n g  i s  u s u a l l y  q u i t e  elabo- 
r a t e  and reduces t h e  e f f e c t  o f  magnetic 
f i e l d s ,  such as t h e  e a r t h ' s  magnetic f i e l d ,  t o  
1% o r  l e s s  o f  t h e i r  ex te rna l  value. Th is  
r e s i d u a l  magnetic f i e l d  can be measured q u i t e  
p r e c i s e l y  by us ing  t h e  atomic resonance 
i t s e l f .  I n  f a c t ,  t he  o v e r a l l  measurement 
p r e c i s i o n  i s  so good t h a t  magnetic f i e l d  
e f f e c t s  do n o t  s e r i o u s l y  l i m i t  t h e  accuracy o f  
atomic f requency o s c i l l a t o r s .  However, 
changes i n  the  ex te rna l  magnetic f i e l d ,  o r  t h e  
movement o f  t h e  dev ice  through a v a r y i n g  
f i e l d ,  as i n  a r e l o c a t i o n ,  may p e r t u r b  t h e  
f requency o f  t h e  atomic osc i  1 l a t o r .  

Genera l l y  speaking, one t r i e s  t o  minimize 
a l l  o f  t h e  e f f e c t s  l i s t e d  above and t o  keep 
t h e i r  i n f l u e n c e  as s t a b l e  w i t h  t ime  as poss i -  
b l e .  Such an approach s u f f i c e s  f o r  most 
a p p l i c a t i o n s .  But  t h e  magnetic e f f e c t  i s  an 
except ion.  The r e s i d u a l  magnetic f i e l d  i n s i d e  
t h e  s h i e l d s  must be eva lua ted  and p o s s i b l y  
r e s e t  any t ime  a f t e r  changes i n  t h e  ex te rna l  
f i e l d  occur,  say., a f t e r  moving t h e  device.  
The magnetic s h i e l d s  may a l s o  have t o  be 
demagnetized. For l a b o r a t o r y  standards,  how- 
ever ,  where f requency accuracy i s  t h e  p r imary  
purpose, a l l  e f f e c t s  must be eva lua ted  i n  a 
s e r i e s  o f  experiments, and reeva lua t i ons  must 
be done occas iona l l y  i n  o rde r  t o  d e t e c t  
changes. 

11.8 AVAILABLE ATOMIC FREQUENCY DEVICES 

We w i l l  now d iscuss  t h e  design and per -  
formance o f  t h e  t h r e e  types  o f  atomic frequen- 
cy  o s c i l l a t o r s  which a re  c u r r e n t l y  i n  opera- 
t i o n a l  use. 

11.8.1 CESIUM BEAM FREQUENCY OSCILLATORS 

For  a cesium o s c i l l a t o r ,  atomic resonance 
i s  a t  9,192,631,770 Hz. The o s c i l l a t o r  i s  
based on t h e  atomic beam method us ing  s p a t i a l  
s t a t e  s e l e c t i o n  and atom de tec t i on .  An oven 
con ta ins  t h e  cesium meta l .  I f  heated t o  about 
100°C, enough cesium gas w i l l  be produced t o  
form an atomic beam which leaves t h e  oven 
th rough one o r  many channels i n t o  a vacuum 
chamber. Th is  chamber i s  evacuated t o  l e s s  
than  o f  atmospheric pressure.  The beam 
t rave rses  f i r s t  t h e  s t a t e - s e l e c t i n g  magnet, 
t hen  t h e  microwave c a v i t y .  T y p i c a l l y ,  a 
c a v i t y  w i t h  separated i n t e r r o g a t i o n  reg ions  i s  
used. Th is  des ign  o f f e r s  c e r t a i n  advantages 
over  a s imple c a v i t y  o f  a l e n g t h  equ iva len t  t o  
t h e  separa t ion  o f  t h e  two reg ions .  I n  t h e  
c a v i t y ,  an ex te rna l  microwave s i g n a l  ac ts  on 
t h e  beam. The beam f i n a l l y  reaches t h e  atom 
d e t e c t o r  a f t e r  pass ing  another s t a t e - s e l e c t i n g  
magnet. The atom de tec to r  i s  s imp ly  a 
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FIGURE 11.21. CESIUM BEAM FREQUENCY 
OSC I LLATOR. 

tungs ten  w i r e  which i s  heated t o  about 900°C 
by pass ing  an e l e c t r i c  c u r r e n t  th rough it. 
Th is  w i r e  i s  b iased w i t h  a few v o l t s  dc and 
cesium atoms which h i t  i t  become e l e c t r i c a l l y  
charged o r  i o n i z e d  and can be c o l l e c t e d  on an 
a u x i l i a r y  e lec t rode.  The stream o f  e l e c t r i c -  
a l l y - cha rged  atoms a t  t h i s  e l e c t r o d e  repre-  
sents  an e l e c t r i c  c u r r e n t  which i s  a m p l i f i e d ,  
detected, and used i n  t h e  feedback network. 

The speed o f  t h e  atoms and t h e  l e n g t h  o f  
t h e  c a v i t y  determine t h e  Q va lue  o f  t h e  atomic 
resonator .  Typ ica l  atom speeds a re  100 meters 
p e r  second. I n  non- labora tory  devices,  which 
have t o  be reasonably smal l ,  t h e  c a v i t y  i s  
about 0.2 meter long. The corresponding 
i n t e r a c t i o n  t ime  T i s  two-thousandths o f  a 
second. We can c a l c u l a t e  t h e  l i n e w i d t h  as a 
few hundred h e r t z  and a Q va lue  o f  l o 7  (see 
s e c t i o n  11.4). I n  l a b o r a t o r y  devices,  one can 
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a) Typ ica l  performance. 

b) Typ ica l  performance o f  r e c e n t l y  
a v a i l a b l e  h i g h  beam i n t e n s i t y  tubes. 

I n d i v i d u a l  u n i t s  may per fo rm s l i g h t l y  
worse o r  b e t t e r  t han  shown. Modern lab-  
o r a t o r y  standards per fo rm s t i l l  b e t t e r .  

FIGURE 11.22. FREQUENCY STABILITY OF 
COMMERCIAL CESIUM BEAM 
FREQUENCY OSCILLATORS. 

use ve ry  l o n g  c a v i t i e s .  C a v i t i e s  o f  up t o  4 
meters l ong  a re  used, l ead ing  t o  Q values o f  
l o 8 .  The f r a c t i o n a l  f requency s t a b i l i t y  o f  
l a b o r a t o r y  and commercial devices can reach 
p a r t s  i n  1014 a t  sampling t imes o f  l e s s  than 
one hour t o  days. The shor t - te rm frequency 
s t a b i l i t y  i s  l i m i t e d  by f l u c t u a t i o n s  i n  t h e  
atomic beam i n t e n s i t y ,  " sho t  noise,"  which i s  
b a s i c  and unavoidable.  These f l u c t u a t i o n s  
a f f e c t  t h e  f requency s t a b i l i t y  l e s s  as more 
i n tense  atomic beams a re  used. Th is  approach, 
which i s  becoming a v a i l a b l e  i n  bo th  commercial 
and l a b o r a t o r y  devices,  improves t h e  s t a b i l i -  
ty .  I n  c o n t r a s t  t o  commercial devices,  t h e  
l a b o r a t o r y  o s c i l l a t o r s  a re  designed t o  a l l o w  a 
more complete and e a s i e r  e v a l u a t i o n  o f  a l l  
e f f e c t s  on t h e  frequency. Cesium o s c i l l a t o r s  
a r e  used e x t e n s i v e l y  where h i g h  reproduc i -  
b i l i t y  and long-term s t a b i l i t y  a re  needed f o r  
sampl ing t imes o f  more than a day. For most 
a p p l i c a t i o n s ,  cesium o s c i l l a t o r s  need n o t  be 
c a l i b r a t e d .  They a re  t h e  work horses i n  most 
o f  t o d a y ' s  accura te  f requency and t ime  d i s t r i -  
b u t i o n  se rv i ces .  

11.8.2 RUBIOIUM GAS CELL 
FREQUENCY OSCILLATORS 

Rubidium atomic resonance i s  a t  
6,834,682,608 Hz. The o s c i l l a t o r  i s  based on 
t h e  gas c e l l  method us ing  o p t i c a l  s t a t e  selec- 
t i o n  and o p t i c a l  de tec t i on .  The gas c e l l  
con ta ins  rub id ium gas a t  about o f  atmos- 
p h e r i c  pressure.  I n  o rde r  t o  reduce t h e  
e f f e c t  o f  c o l l i s i o n s  among t h e  rub id ium atoms, 
argon, an i n e r t  b u f f e r  gas, i s  i n t roduced  i n t o  
t h e  c e l l  a t  about 1/1000 o f  atmospheric pres- 
sure. Th is  a l l ows  l i f e t i m e s  o f  t h e  rub id ium 
atom o s c i l l a t i o n s  o f  about 1/100 second. The 
o s c i l l a t i o n  l i f e t i m e  T i s  s t i l l  l i m i t e d  by 
atom c o l l i s i o n s .  We can c a l c u l a t e  a co r re -  
sponding l i n e w i d t h  o f  about 100 Hz and a Q 
va lue  o f  l o 7 .  Atomic c o l l i s i o n s  as w e l l  as 
t h e  simultaneous a c t i o n  o f  t h e  l i g h t  and t h e  
microwave s i g n a l s  on t h e  same atom cause 
frequency s h i f t s  o f  t h e  o rde r  o f  These 
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FIGURE 11.23. RUBIDIUM GAS CELL 
FREQUENCY OSCILLATOR. 
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frequency s h i f t s  depend s t r o n g l y  on t h e  com- 
p o s i t i o n ,  temperature, and pressure o f  t h e  
b u f f e r  gas and on t h e  i n t e n s i t y  o f  t h e  l i g h t .  
As a r e s u l t ,  rub id ium gas c e l l s  vary  i n  t h e i r  
resonance frequency by as much as 
depending on t h e  p a r t i c u l a r  s e t t i n g  o f  t h e  
f requency s h i f t i n g  parameters d u r i n g  manufac- 
t u r e .  Since these in f l uences  cannot be 
expected t o  remain unchanged w i t h  t ime,  rub id -  
ium o s c i l l a t o r s  need i n i t i a l  c a l i b r a t i o n  and 
a l s o  r e c a l i b r a t i o n  because they  e x h i b i t  a 
f requency d r i f t  o r  ag ing  l i k e  c r y s t a l  o s c i l -  
l a t o r s .  The s t a b i l i t y  performance o f  rubidium 
o s c i l l a t o r s  i s  never the less  q u i t e  spec tacu la r .  
A t  one-second sampling t imes, t hey  d i s p l a y  a 
s t a b i l i t y  o f  b e t t e r  than 10- l1  and per fo rm 
near t h e  10-13 l e v e l  f o r  sampling t imes o f  up 
t o  a day. For l onger  averag ing  t imes, t h e  
frequency s t a b i l i t y  i s  a f f e c t e d  by t h e  f r e -  
quency d r i f t  which i s  t y p i c a l l y  1 p a r t  i n  10 l1  
pe r  month. Th is  i s  much l e s s  than t h e  d r i f t  
o f  c r y s t a l  o s c i l l a t o r s .  Commercial devices 
w i t h  t h e  above-mentioned performance a re  
a v a i l a b l e  as w e l l  as rub id ium o s c i l l a t o r s  o f  
lower  performance a t  s i g n i f i c a n t l y  reduced 
cos ts .  
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FIGURE 11.24. FREOUENCY STABILITY OF 

11.8.3 ATOMIC HYDROGEN MASERS 

Maser i s  an acronym meaning "microwave 
a m p l i f i c a t i o n  by  s t imu la ted  emission o f  r a d i -  
a t i o n . "  The atomic resonance frequency i s  a t  
1,420,405,752 Hz. The o s c i l l a t o r  i s  based on 
t h e  atomic beam method us ing  s p a t i a l  s t a t e  
s e l e c t i o n  and microwave de tec t i on .  A1 1 natu- 
r a l  hydrogen gas i s  composed o f  hydrogen 
molecules.  Each hydrogen molecule i s  formed 
by chemical bonding o f  two hydrogen atoms. 
The beam source i s  a r a d i o  frequency gas d i s -  
charge i n  mo lecu la r  hydrogen. Th is  d ischarge 
produces atomic hydrogen w i t h  h i g h  e f f i c i e n c y .  
The atomic hydrogen beam leaves t h e  source 
th rough one o r  many channels i n t o  a vacuum 
chamber. The beam then t rave rses  a s t a t e -  
s e l e c t i n g  magnet and en te rs  a s to rage b u l b  i n  
t h e  microwave c a v i t y .  The s to rage b u l b  i s  
made from quar t z  g lass  which has low e l e c t r i c  
losses  and thus  does n o t  s i g n i f i c a n t l y  a l t e r  
t h e  c a v i t y  Q .  The s to rage b u l b  i s  evacuated 
t o  l e s s  than o f  atmospheric pressure.  
I t s  i n n e r  w a l l s  a re  l i n e d  w i t h  Te f lon .  Th is  
c o a t i n g  a l l ows  many c o l l i s i o n s  o f  t h e  hydrogen 
atoms w i t h  t h e  w a l l s  w i t h o u t  s i g n i f i c a n t l y  
d i s t u r b i n g  t h e  o s c i l l a t i o n s  o f  t h e  atoms. The 
u n d e r l y i n g  phys i ca l  mechanisms a re  n o t  y e t  
f u l l y  understood. The s to rage b u l b  i s  t y p i -  
c a l l y  0.15 meter i n  diameter and dimensioned 
i n  such a way as t o  h o l d  hydrogen atoms f o r  
about one second. 

F E E D B A C K  
~----I 
1 

Q U A R T Z  C R Y S T A L  
F R E Q U  t I i C  Y 
C O M P A R A T O R  

O S C I L L A T O R  & 
F R E Q U E N C Y  
S Y N T H E S I Z E R  

M I C R O W A  
O U T P U T  

H Y U R O G E N  
S O U R C E  

S E L E C T O R  C A V I T Y  W I T H  
S T O R A G E  B U L L i  

COMMERCIAL RUBIDIUM GAS 
CELL FREQUENCY OSCILLATORS. FIGURE 11.25. HYDROGEN MASER OSCILLATOR. 

Rubidium o s c i l l a t o r s  a re  used wherever 
e x c e l l e n t  medium-term--minutes t o  a day-- 
s t a b i l i t y  i s  needed. They a r e  used where 
reduced cos ts ,  s i ze ,  and weight,  as compared 
t o  cesium o s c i l l a t o r s ,  a r e  impor tan t .  Rub id i -  
um devices a re  used where a c r y s t a l  o s c i l l a -  
t o r ,  w i t h  i t s  more f requen t  needs f o r  r e c a l i -  
b r a t i o n  and i t s  g r e a t e r  environmental  sens i -  
t i v i  t y  , would n o t  s u f f i c e .  

A f t e r  about one second, t h e  atoms leave 
t h e  b u l b  and thus  a l s o  leave t h e  microwave 
c a v i t y .  We can c a l c u l a t e  a l i n e w i d t h  o f  about 
1 Hz and a Q va lue  o f  about l o 9 .  Th is  i s  t h e  
h ighes t  Q va lue  i n  a l l  p resent ly -used atomic 
standards. H igher  Q values a r e  r e a l i z e d  i n  
exper imental  devices such as methane-s tab i l -  
i z e d  helium-neon l a s e r s  and i o n  s to rage 
devices as w e l l  as i n  microwave c a v i t i e s  which 
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FIGURE 11.26. FREQUENCY STABILITY OF A HYDROGEN MASER OSCILLATOR. 

The curve i s  a composite of t he  bes t  documented per-  
formances o f  severa l  d i f f e r e n t l y  designed dev ices.  
However, t h e r e  i s  s u f f i c i e n t  evidence t o  i n d i c a t e  
t h a t  a dev ice cou ld  be b u i l t  t h a t  performs as i n d i -  
cated. Programs a r e  underway twoard t h i s  goal .  

are cooled t o  t h e  superconduct ing s ta te .  I f  
the  i n t e n s i t y  o f  t he  hydrogen beam, which 
cons is t s  o n l y  o f  upper s t a t e  atoms ( e m i t t i n g  
atoms), i s  s u f f i c i e n t l y  l a r g e  and i f  t h e  
c a v i t y  losses are s u f f i c i e n t l y  low, s e l f -  
o s c i l l a t i o n  w i l l  s t a r t  i n  the  c a v i t y .  The 
maser i t s e l f  w i l l  generate a microwave s i g n a l .  
We then have a m a s e r - o s c i l l a t o r  w i t h  an ou tpu t  
f requency d i r e c t l y  de r i ved  from t h e  atomic 
resonance. A c r y s t a l  o s c i l l a t o r  can be locked 
t o  t h i s  f requency by f requency comparison 
techniques. When compared t o  a cesium o s c i l -  
l a t o r ,  t h e  hydrogen maser i s  n o t  q u i t e  as 
accurate.  Th is  i s  because o f  exper imental  
d i f f i c u l t i e s  i n  the  e v a l u a t i o n  o f  t he  f r e -  
quency s h i f t  due t o  t h e  c o l l i s i o n s  o f  t h e  
hydrogen atoms w i t h  t h e  T e f l o n  sur face o f  
t he  s torage bulb.  I n  o rde r  t o  o b t a i n  s e l f -  
o s c i l l a t i o n ,  t he  c a v i t y  Q must be r e l a t i v e l y  
h igh.  Thus, c a v i t y  p u l l i n g  i s  r e l a t i v e l y  
s t rong ,  and i t  l i m i t s  t h e  long- term s t a b i l i t y  
over pe r iods  longer  than severa l  days. Values 
o f  long- term s t a b i l i t y  a re  n o t  b e t t e r  than 
those o f  cesium o s c i l l a t o r s .  However, f o r  
pe r iods  o f  a few seconds t o  a day, t h e  hydro- 
gen maser has t h e  bes t  s t a b i l i t y  o f  a l l  
e x i s t i n g  o s c i l l a t o r s .  I t s  a p p l i c a t i o n  i s  
r a t h e r  l i m i t e d  t o  uses where these s t a b i l i t i e s  
a re  c r i t i c a l  and where a r a t h e r  b u l k y  dev ice 

i s  n o t  a handicap. U n l i k e  cesium and rub id ium 
o s c i l l a t o r s ,  hydrogen masers have n o t  y e t  been 
evaluated under adverse environmental  condi -  
t i o n s .  The number o f  hydrogen masers i n  use 
i s  ve ry  smal l  compared t o  t h e  numbers o f  
cesium beam and rub id ium devices.  

11.9 TRENDS 

A l l  devices which were discussed i n  t h i s  
r e p o r t  have improved over t h e  p a s t  years i n  
one o r  more o f  t h e  f o l l o w i n g  aspects: r e l i a -  
b i l i t y ,  s i z e ,  weight ,  s t a b i l i t y  performance, 
and environmental  i n s e n s i t i v i t y .  A cons ider-  
a b l e  amount o f  e f f o r t  i s  s t i l l  be ing  expended 
t o  go f u r t h e r  i n  t h i s  d i r e c t i o n ;  however, i t  
would be i n a p p r o p r i a t e  here t o  t r y  t o  es t ima te  
t h e  improvement o f  performance s p e c i f i c a t i o n s  
which might  ( o r  might  no t )  be achieved i n  t h e  
f u t u r e .  

There a re  severa l  o t h e r  dev ices,  designs, 
and concepts which have been s t u d i e d  o r  are 
be ing  i n v e s t i g a t e d  w i t h  some p o t e n t i a l  f o r  
f u t u r e  use i n  f requency standards. However, 
t hey  w i l l  n o t  be discussed here. 
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C H A R A C T E R I S T I C S  

B A S I C  RESONATOR FREQUENCY 

OUTPUT FREQUENCIES PROVIDED 

RESONATOR Q 

R E L A T I V E  FREQUENCY S T A B I L I T Y ,  
SHORT-TERM, I SECOND 

CRYSTAL 

IO k H z  TO 100 MHz 

I O  k H z  TO 100 MHz 

l o 4  TO t o 6  

TO IO-“ 

P R I N C I P A L  CAUSES OF 
LONG-TERM I N S T A B I L I T Y  

AGING OF CRYSTAL, 
AGING OF ELECTRONIC 
COMPONENTS, ENVIRON-  
MENTAL EFFECTS 

FRACTIONAL FREQUENCY 
R E P R D D U C I B I L I T Y  

NOT A P P L I C A B L E .  
MUST C A L I B R A T E .  

F R A C T I O N A L  FREQUENCY 
D R I F T  

I x 10-9 TO 

1 x 1 0 ” ’  PER DAY 

P R I N C I P A L  ENVIRONMENTAL 
EFFECTS 

MOT1 ON, 
TEMPERATURE, 
CRYSTAL D R I V E  
L E V E L  

TABLE 11 .1 C O M P A R I  SON O F  FREQUENCY S O U R C E S .  

L I S T E D  ARE T Y P I C A L  C H A R A C T E R I S T I C S  OF FREQUENCY SOURCES 

LABORATORY U N I T S .  

HYDROGEN MASER I S  SHOWN FOR COMPARISON S I N C E  VERY FEW HAVE BEEN SOLD COMMERCIALLY. 

(1975). THE CRYSTAL OSCILLATORS RANGE FROM SMALL PLUG- INS TO THE BEST 

VALUES ARE G I V E N  FOR THE VERY SMALL CESIUM AND R U B I D I U M  OSCILLATORS AS WELL AS THE LARGER STANDARD U N I T S .  THE 

K I N D  OF O S C I L L A T O R  

CESIUM RUB I D I UM 
GAS CELL 

HYDROGEN 
MASER 

9,192,631,770 H z  1 6,834,682,608 H z  l ,420,405,7S2 H z  

I ,  5 ,  1 0  MHr  
T Y P I C A L  

I ,  5, IO MHz 
TYP I GAL 

1 ,  5,  IO MHz 
TYP I GAL 

107 TO i o 8  l o 7  

2 x IO-’’ TO 

5 x 10-12 

TO ID-12 R E L A T I V E  FREQUENCY S T A B I L I T Y ,  
LONG-TERM, I DAY 

L I G H T  SOURCE A G I N G ,  
F I L T E R  & GAS C E L L  
A G I N G ,  ENVIRON-  
MENTAL EFFECTS 

C A V I T Y  P U L L I N G  COMPONENT 
AGING ENV I RONMENTAL 

EFFECTS 

I s TO IO DAYS T I M E  FOR CLOCK TO BE I N  
ERROR 1 MICROSECOND 

1 WEEK TO 
I MONTH 

1 WEEK TO 
I MONTH I TO IO DAYS 

I x 10-11 

< PER 5 YEAR 10-l3 -I----- PER MONTH 

MAGNETIC F I E L D ,  
TEMPERATURE 
CHANGE 

MAGNETIC F I E L D ,  
ACCELERATIONS,  
TEMPERATURE 
CHANGE 

MAGNETIC F I E L D ,  
TEMPEkATURE 
CHANGE, ATMOS- 
P H E R I C  PRESSURE 

SECONDS TO HOURS 
(MAY HAVE SYSTEM- 

A T l C  OFFSET)  

START-UP AFTER 
B E I N G  OFF 30 TO 60 MINUTES IO TO 60 MINUTES FEW HOURS 

3 YEARS 3 YEARS NO DATA VERY R E L I A B L E  RESONATOR R E L I A B I L I T Y ,  T I M E  
BETWEEN REPLACEMENTS 

10,000 TO 700,000 1,000 TO 20,000 300,000 I O  TO 10,000 T Y P I C A L  S I Z E ,  C U B I C  
CENTIMETERS 

T Y P I C A L  WEIGHT I N  0.1 TO IO I KILOGRAMS (POUNDS) ( 2  OZ TO 2 2  L E )  
16 TO 400 

(35 TO 70 L E )  
1 TO 20 

( 3  TO 45 L E )  
200 

(460 L E )  

30 TO 200 1 I2 TO 35 40 TO 100 POWER CONSUMED, WATTS 0.1 TO 15 

E S T I M A T E D  P R I C E  $100 TO $5000 >l5,000 TO $20,000 $3,000 TO $lO,OOO 5100,000 TO 
$200 ,000 
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CHAPTER 12. SUMMARY OF A V A I L A B L E  S E R V I C E S  

ACCURACY 
FREQUENCY 
SYNCHRONI- 

L A T I O N  

In t h e  prev ious  chapters,  we discussed t h e  va r ious  t ime  and frequency d isseminat ion  ser -  
v i ces  t h a t  can be used f o r  c a l i b r a t i o n s .  The f o l l o w i n g  t a b l e s  should serve as a qu i ck  re fe rence 
t o  these serv ices .  Table 12.1 summarizes t h e  major c h a r a c t e r i s t i c s  o f  t h e  d i f f e r e n t  serv ices .  
Tables 12.2 and 12.3 show t h e  d i f f e r e n t  means o f  c a l i b r a t i n g  t ime  and frequency sources and t h e  
accurac ies  t h a t  can be obtained. 

ACCURACY 
FOR 
DATE 

TRANSFER 

TABLE 12.1. CHARACTERISTICS OF THE MAJOR T&F D ISSEMINATION SYSTEMS 

GBR, NBA, OMEGA, 
ETC. 

D ISSEMINATION TECHNIQUES I- 
1 x 10-11 ENVELOPE 

1 - 10 ms 
I VLF 

RADIO 

L F  
RADIO 

HF/MF 
RADIO 

TELE- 
V I S I O N  

(VHF/SHF 
RADIO 

SATEL- 
L I T E  
(UHF 
RADIO) 

PORTABLE 
CLOCKS 

L 

STANDARD FREQUENCY 
BROADCAST (e.g., WWVB) 

1 x 10 - l ’  ENVELOPE 
PHASE 24h 1 - 10 ms 

STANDARD FREQUENCY 
BROADCAST (e.g. ,  WWV) 1000 ps 10-7 

I I 

I I 

PASSIVE L I N E - 1 0  

LORAN-C 

1 x 10 - l1  1 P S  

1 ps (GND) 
50 ps (SKY) 

COLOR SUBCARRIER 

TRANSIT  I 3 x 10 - l0  I 30 

PHYSICAL 
TRANSFER 

AM8 I G U I T Y  

1 CYCLE 

YEAR 

TOC 15 M I N  
PHASE 10 ps 

CODE - 
YEAR 

VOICE - 1 DAY 
T I C K  - 1 s 

33 ms 

NA 

1 YEAR 

15 MINS 

N/A 

COVERAGE 
FOR 

STATED 
ACCURACY 

NEARLY 
GLOBAL 

USA - L I M I T E D  
(WWVB) 

SPECIAL  
AREAS 

HEMISPHERE 

NETWORK 
COVERAGE 

WESTERN 
HEMISPHERE 

L I M I T E D  BY 
TRANSPORTATION 
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TABLE 12.2. HOW FREQUENCY I S  CALIBRATED 

COMMERCIALLY A V A I L A B L E  
FREQUENCY SOURCE 

ACCURACY NEEDED 
(RELATIVE)  

METHOD OF 
C A L I B R A T I O N  

1 x 10-2 TO 

1 
COMMERCIAL FREQUENCY COUNTERS; 
STANDARD T&F BROADCASTS TUNING FORKS 

ELECTRIC POWER GENERATORS COMMERCIAL FREQUENCY COUNTERS; 
STANDARD T&F BROADCASTS 

1 x TO 

1 x 10- l0  

COMMERCIAL FREQUENCY COUNTER UP 

OSCILLATORS OR STANDARD T&F BROAD- 
TO 1 x 1 0 - 7 ;  FREE-RUNNING ATOMIC 

CASTS FOR 1 x 10-7 OR BETTER 

COMMERCIAL CESIUM STANDARDS, HYDROGEN 
MASERS AND NATIONAL PRIMARY STANDARDS. 
RUBIDIUM OSCILLATORS CAN BE CALIBRATED 
ON S I T E  WITH A COMMERCIAL CESIUM STAN- 
DARD OR A HYDROGEN MASER TO AN ACCU- 
RACY OF ABOUT 5 x 10- l2 .  FOR CALIBRA-  
T I O N  AT A DISTANCE, USE THESE SAME 
SOURCES AND L INE-OF-SIGHT MICROWAVE OR 
AN L F  OR V L F  BROADCAST. FOR ACCURA- 
C I E S  I N  THE RANGE OF 5 x 1 0 - l 2  TO 

PRIMARY STANDARD AND USE O N - S I T E  C A L I -  
BRATION OR LF OR V L F  BROADCASTS. 

1 x 1 0 - 1 3 ,  COMPARE TO A NATIONAL 

QUARTZ OSCILLATORS 

ATOMIC OSCILLATORS 1 x 10-9 TO 
Z 1 x 10-13 

TABLE 12.3. HOW T I M E  I S  CALIBRATED 

SOURCE OF 
T I M E  

METHOD OF 
C A L I B R A T I O N  ACCURACY NEEDED 

10 SEC 1 1 x 10-4/DAY 
(10 T I M E S  BETTER THAN 

USUAL WATCH) 

TELEPHONE T I M E  FROM NBS OR 
CERTAIN SELECT C I T I E S ;  
STANDARD RADIO BROADCASTS 

REGULAR (ESCAPEMENT) 
WATCHES AND CLOCKS 

I 
1 SEC 2 1 x 10-5/DAY 

(MORE ACCURATE THAN MOST 
POWER COMPANIES CAN HOLD) 

TELEPHONE T I M E  FROM NBS OR 
CERTAIN SELECT C I T I E S ;  
STANDARD RADIO BROADCASTS 

ELECTRIC CLOCKS 

?UARTZ WATCHES AND CLOCKS 
0.1 SEC z 1 x ~ O - ~ / D A Y  
( S T A B I L I T Y  T H I S  GOOD BUT 

C A N ’ T  BE SET T H I S  WELL) 

TELEPHONE T I M E  FROM NBS OR 
CERTAIN SELECT C I T I E S ;  
STANDARD RADIO BROADCASTS 

P R E C I S I O N  QUARTZ CLOCKS CESIUM CLOCK: STANDARD 
RADIO BROADCASTS 

NBS OR USNO T I M E  SCALES 
V I A  PORTABLE CLOCK OR L F  
OR V L F  BROADCASTS 

ATOMIC CLOCKS g 3 x SEC ON YEARLY 
B A S I S  ( i . e . ,  1 x 1 0 - l o  TO 

1 x 1 0 - 1 3 )  
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FIGURE 12.1. WWV/WWVH HOURLY BROADCAST FORMAT. 

21 5 



BIBLIOGRAPHY 

C2l 

131 

C41 

151 

161 

171 

Barnes, J. A. ,  " A  Kon-mathematical 1111 
D iscuss ion  o f  Some Bas ic  Concepts 
o f  Prec ise  Time Measurement." On 

7 -  

(pub1 i shed by  Tracor ,  
-1. 11, No. I 1  (May 1971). 

B l a i r ,  Byron E . ,  ed., Time and Fre- 
quency: Theory and Fundamentals, E121 
Nat. Bur. Stand. MonouraDh 140 (Mav - .  
1974). (Order from: Super i  n t e n i e r k  
o f  Documents, Government P r i n t i n g  
O f f i c e ,  Washington, DC 20402, SD 
Cata log  No. C13.44: 140. ) [ I 3 1  

Bagley, A.,  "Frequency and Time Mea- 
surements," Handbuch de r  Physi k, 
Vol .  X X I I I ,  (Spr inger -Ver lag  Co., 
B e r l i n ,  1966). 

Czech, J . ,  Osc i l loscope Measuring 
Technique: P r i n c i p l e s  and Appl ica-  
t i o n s  o f  Modern Cathode Ray O s c i l l o -  
- s - ( m g e r - V e r l a g  Co., New 
York, 1965). 

Evans, J., "Time and Time Measure- 1151 
ment," E l e c t r o n i c s  World, pp. 25-29 
( J u l y  1966). 

W i l l r o d t ,  M. J., "Frequency and 1161 
Frequency Measurement," E l e c t r o n i c s  
World, pp. 25-28 (October 1966). 

Hironaka, N. and C. Trembath, "The E171 
Use o f  Nat iona l  Bureau o f  Standards 
High Frequency Broadcasts f o r  Time 
and Frequency C a l i b r a t i o n s  ,I' Nat. 
Bur. Stand. Tech. Note 668 (May 
1975). 

V iezb icke ,  P. P . ,  "NBS Frequency- 
Time Broadcast S t a t i o n  WWV, F o r t  
C o l l i n s ,  Colorado," Nat. Bur. Stand. 1181 
Tech. Note 611 (October 1971). 

Howe, Sandra L., "NBS Time and Fre- 
quency Disseminat ion Services,"  Nat. 
Bur. Stand. Spec. Publ. 432 (January 
1976). 

M i l t o n ,  J. B . ,  "Standard Time and E191 
Frequency: I t s  Generat ion,  Con t ro l ,  
and D isseminat ion  by t h e  Na t iona l  
Bureau o f  Standards," Nat. Bur. 
Stand. Tech. Note 656 (June 1974). 

Tolman, J. , V. Ptacek, A. Soucek and 
R. Stecher,  "Microsecond Clock Com- 
p a r i s o n  by  Means o f  TV Synchron iz ing  
Pulses," I E E E  Trans. I n s t r .  and 
Meas., Vol .  IM-16, pp. 247-254 
(September 1967). 

Soucek, A. , "Trave l  Time Stab i  1 i t y  
on TV Relay L inks , "  Radio and Tele- 
v i s i o n ,  No. 5, pp. 29-31 (1969). 

Davis,  D. D . ,  J. L. Jespersen and 
G. Kamas, "The Use o f  T e l e v i s i o n  
S igna ls  f o r  Time and Frequency 
Disseminat ion,"  Proc. I E E E  ( L e t t e r ) .  
Vol .  58, NO. 6, pp. 931-933 (June 
1970). 

Davis,  0. D . ,  "Transmission o f  Time/ 
Frequency S igna ls  i n  t h e  V e r t i c a l  
I n t e r v a l , "  Synopses o f  Papers (108th 
Tech. Conf. & Equip. E x h i b i t ,  SOC. 
Mot. P i c t .  & Tele.  Eng., New York, 
NY, October 4-9, 19701, Paper No. 
43 (October 1970). 

Davis,  D. D . ,  "Frequency Standard 
Hides i n  Every Co lor  TV Set," Elec- 
t r o n i c s  (May 10, 1971). 

Davis,  D. D., " C a l i b r a t i n g  Crys ta l  
O s c i l l a t o r s  w i t h  TV Co lor - re fe rence 
S igna ls  ,I' E l e c t r o n i c s  (March 1975). 

Davis,  D. D . ,  " A  Microprocessor Data 
Logging System f o r  U t i l i z i n g  TV as a 
Time/Frequency T rans fe r  Standard. ,'I 
(Proc. 8 t h  Annual Prec ise  Time and 
Time I n t e r v a l  (PTTI) A p p l i c a t i o n s  
and P lann ing  Meeting, Goddard Space 
F l i g h t  Center, Greenbel t ,  MD, Nov. 
30 - Dec. 2, 1976, pp. 167-181). 

Hamil ton,  W. F. and D. W. Hanson, 
" A  Synchronous S a t e l l i t e  Time Delay 
Computer," Nat. Bur. Stand. Tech. 
Note 638 ( J u l y  1973). (Order f rom 
U.S. Government P r i n t i n g  O f f i c e ,  
Super intendent o f  Documents, Wash- 
i ng ton ,  DC 20402. SD Cata log  No. 
C13.46:638. Pr ice :  $.45.)  

Cateora, J. V . ,  D. W. Hanson and 
D. D. Davis,  "Automatic Path Delay 
Cor rec t i ons  t o  GOES S a t e l l i t e  Time 
Broadcasts," Nat. Bur. Stand. Tech. 
Note 1003 (February 1978). 

21 7 



1201 Cateora, J. V . ,  D. 0. Davis and D. [26] 
W. Hanson, " A  Sate1 1 i te-Cont ro l  l e d  
D i g i t a l  Clock," Nat. Bur. Stand. 
Tech. Note 681 (June 1976). 

[211 Smith, H. M . ,  " I n t e r n a t i o n a l  Time 
and Frequency Coord ina t ion , "  Proc. 
I E E E ,  Vol .  60 (1972). 

[221 Howe, 0. A . ,  "Frequency Domain Sta- 
b i l i t y  Measurements: A T u t o r i a l  
I n t roduc t i on , "  Nat. Bur. Stand. 
Tech. Note 679 (1976). 

1281 

[231 A l l an ,  D. W . ,  "The Measurement o f  
Frequency and Frequency S t a b i l i t y  o f  
P r e c i s i o n  O s c i l l a t o r s , "  Nat. Bur. 
Stand. Tech. Note 669 (1975). 

~ 4 1  Barnes, J. A . ,  e t  a l ,  "Charac ter iza-  [29] 
t i o n  o f  Frequency S t a b i l i t y , "  I E E E  
Trans. I n s t r .  and Meas., Vol .  IM-20 
(1 971 ) . 

C251 A l l an ,  D. W., H. H e l l w i g  and 0. J. 
Glaze, "An Accuracy A lgo r i t hm f o r  an [30] 
Atomic Time Scale,'' Me t ro log ia ,  Vol .  
11 (1975). 

Siegmann, "An I n t r o d u c t i o n  t o  Lasers 
and Masers," Chapter 2, McGraw-Hill 
(1971). 

Gerber, E. A. and R. A. Sykes, " A  
Q u a r t e r  Century o f  Progress i n  t h e  
Theory and Development o f  C r y s t a l s  
f o r  Frequency Cont ro l  and Selec- 
t i o n , "  Proc. 25 th  Annual Symp. on 
Frequency Con t ro l ,  F t .  Monmouth, NJ 
(1971). 

Ramsey, N. F . ,  " H i s t o r y  o f  Atomic 
and Molecu la r  Cont ro l  o f  Frequency 
and Time," Proc. 25 th  Annual Symp. 
on Frequency Con t ro l ,  F t .  Monmouth, 
NJ (1971). 

Audoin, C.  and J. Vanier,  "Atomic 
Frequency Standards and Clocks," J. 
Phys. E: S c i e n t i f i c  Ins t ruments ,  
Vol .  9 (1976). 

He l lw ig ,  H. ,  "Clocks and Measure- 
ments o f  Time and Frequency," WESCON 
Technical  Papers, Session 32 (1976). 

21 8 



GLOSSARY 

The f o l l o w i n g  d e f i n i t i o n s  a re  o f f e r e d  as 
an a i d  t o  t h e  reader.  However, t hey  may n o t  
conform t o  t h e  d e f i n i t i o n s  as recommended by  
t h e  C C I R  o r  o t h e r  app rop r ia te  o rgan iza t i ons .  
Fu r the r ,  we have n o t  at tempted t o  i nc lude  a l l  
p o s s i b l e  u n f a m i l i a r  terms. Many terms a re  
f u l l y  exp la ined i n  t h e  t e x t  and have n o t  been 
repeated here. 

ACCURACY - how w e l l  something agrees w i t h  t h e  
d e f i n i t i o n  o r  standard. I n  t h e  case 
o f  f requency, an o s c i l l a t o r  i s  s a i d  
t o  be accura te  i f  i t  agrees w i t h  t h e  
master o s c i l l a t o r  a t  t h e  Nat iona l  
Bureau o f  Standards i n  Boulder,  
Colorado. There i s  o f t e n  confus ion  
about t h e  d e f i n i t i o n  o f  t h e  terms 
r e s o l u t i o n ,  p r e c i s i o n ,  and accuracy. 

A G I N G  - t h e  process whereby c r y s t a l s  change 
t h e i r  c h a r a c t e r i s t i c s .  A qua r t z  
c r y s t a l  o f  100 kHz may age u n t i l  i t s  
f requency becomes 100.01 kHz. The 
process o f  ag ing  i s  n o t  w e l l  under- 
stood. 

AMBIGUITY - t h e  p r o p e r t i e s  o f  something t h a t  
a l l ows  i t  t o  have more than one 
p o s s i b l e  meaning. I n  t h e  case o f  a 
c lock ,  i f  i t  d isp lays  3 hours, 5 
minutes,  i t  cou ld  be morning o r  
n i g h t .  The c l o c k  i s  then s a i d  t o  be 
ambiguous t o  t h e  hour. Ambigui ty i s  
overcome i n  t ime  codes by  sending 
t h e  day number. Th is  makes t h a t  
p a r t i c u l a r  t ime  code ambiguous t o  
t h e  year .  

ANALOG FREQUENCY METERS - t h a t  c lass  o f  
ins t ruments  t h a t  uses need1 e 
movements r a t h e r  than l i g h t e d  d i g i t s  
t o  i n d i c a t e  frequency. Accuracies 
ob ta ined w i t h  these meters i s  o f t e n  
l e s s  than w i t h  t h e i r  d i g i t a l  coun- 
t e r p a r t s .  

AT CUTS - one o f  t h e  many ways i n  which b u l k  
qua r t z  m a t e r i a l  can be s l i c e d  t o  
produce frequency c o n t r o l l i n g  
c r y s t a l s .  The AT c u t  i s  u s u a l l y  
used f o r  f requenc ies  above 500 kHz 
and has e x c e l l e n t  f requency versus 
temperature c h a r a c t e r i s t i c s .  

ATOM DETECTION - a process used i n  atomic 

ATOMIC TIME (TA) - t h e  t ime  ob ta ined by  count- 
i n g  cyc les  of an atomic c l o c k  as 
opposed t o  t ime  based on t h e  e a r t h ' s  
r o t a t i o n .  Atomic t ime  i s  extremely 
un i fo rm.  

c locks  t o  d e t e c t  atoms. 

AUTOMATIC G A I N  CONTROL (AGC) - a c i r c u i t  used 
i n  communications r e c e i v e r s  so t h a t  
bo th  weak and s t rong  s t a t i o n s  can be 
heard w i t h  nominal l y  equal v o l  ume. 

BALANCE WHEEL - a small  wheel i n  watches under 
c o n t r o l  o f  t h e  h a i r s p r i n g .  The 
osc i  1 l a t i  ng balance wheel determines 
t h e  r a t e  o f  t h e  watch. 

BURST - t h e  name g iven t o  a s h o r t  s i g n a l  
c o n s i s t i n g  o f  a number o f  cyc les .  
The WV t i c k  cou ld  p r o p e r l y  be 
c a l l  ed a b u r s t .  

CALIBRATION - a f requency source can be c a l i -  
b r a t e d  by measuring i t s  frequency 
d i f f e r e n c e  w i t h  respec t  t o  t h e  
Na t iona l  Bureau o f  Standards f r e -  
quency standard. I t  i s  a l s o  pos- 
s i b l e  t o  c a l i b r a t e  one frequency 
source aga ins t  another.  

C E S I U M  STANDARD (Cs) - Th is  te rm i s  o f t e n  used 
t o  descr ibe  any o s c i l l a t o r  t h a t  uses 
cesium t o  o b t a i n  atomic resonance. 

CHRONOMETER - a ve ry  accura te  c l o c k  o r  watch, 
u s u a l l y  used on sh ips  f o r  naviga- 
t i o n .  Th is  name has a l s o  been 
a p p l i e d  t o  d i g i t a l  ins t ruments  
d r i v e n  from quar t z  c r y s t a l s .  

COLOR BAR COMPARATOR - an ins t rument  t h a t  i s  
used t o  compare a u s e r ' s  o s c i l l a t o r  
t o  t h e  t e l e v i s i o n  c o l o r  s u b c a r r i e r  
by p u t t i n g  a co lo red  v e r t i c a l  ba r  on 
t h e  t e l e v i s i o n  screen. 

CYCLE CORRECTION - t h e  c o r r e c t i o n  a p p l i e d  t o  
low frequency r a d i o  da ta  t h a t  a l l ows  
f o r  t h e  chance t h a t  t he  r e c e i v e r  may 
be locked t o  the  i n c o r r e c t  c a r r i e r  
cyc le .  I n  t h e  case o f  Loran-C, one 
c y c l e  i s  10 microseconds. For t h e  
WWV tone, one c y c l e  would be 1 
m i l l i second .  

DATE - a complete d e s c r i p t i o n  o f  t h e  t ime  o f  
an event. The da te  should p r o p e r l y  
i n c l u d e  year ,  day, hour, minute,  and 
second. It can be g i ven  by day 
number i n  a p a r t i c u l a r  yea r  and a l s o  
by  J u l i a n  Day. 

DECADE COUNTING ASSEMBLY (DCA) - a c i r c u i t  
used i n  counters t h a t  counts f rom 0 
t o  9 be fo re  i t  overf lows. Th is  
enables t h e  counter  t o  d i s p l a y  u n i t s  
o f  tens ,  hundreds, e t c .  
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D I G I T A L  PHASE SHIFTER - an inst rument  us ing  FERRITE LOOP - a loop antenna t h a t  uses a r o d  
d i g i t a l  techniques which causes a made o f  i r o n  powder. It i s  commonly 
phase s h i f t  t o  occur i n  a s i g n a l .  used i n  smal l  AM broadcast r e c e i v -  
I n  t h e  case o f  1 MHz, f o r  example, e rs .  I t  can a l s o  be used t o  r e c e i v e  
phase s h i f t s  u s u a l l y  occur i n  WVB a t  60 kHz. 
one- tenth microsecond steps o r  l ess .  

D I G I T A L  SLEWING SYSTEM - a means whereby a 
cont inuous phase s h i f t  i n  a s i g n a l  
can be caused by d i g i t a l  c o n t r o l .  

DIURNAL PHASE SHIFT  - t h e  phase s h i f t  ( d i u r n a l  
means d a i l y )  assoc iated w i t h  sun r i se  
o r  sunset on low frequency r a d i o  
paths.  

DOPPLER EFFECT - an apparent change i n  f r e -  
quency caused by mot ion o f  e i t h e r  
t h e  t r a n s m i t t e r  o r  rece ive r .  I n  the  
case o f  r a d i o  waves, a Doppler 
e f f e c t  occurs when the ionosphere 
changes i t s  p o s i t i o n .  

DOUBLE CONVERSION - t h e  convers ion i n  two 
steps from the  r a d i o  c a r r i e r  f r e -  
quency t o  the  f i n a l  i n te rmed ia te  
f requency. High q u a l i t y  r a d i o  
r e c e i v e r s  use double convers ion t o  
a v o i d  r e c e p t i o n  o f  image frequen- 
c ies .  

DRIFT (FREQUENCY DRIFT) - frequency d r i f t  i s  
t h e  change i n  f requency o f  a f r e -  
quency source--caused by temperature 
o r  aging, f o r  example. 

DUTl  - the  number t o  be added t o  UTC t o  o b t a i n  
an approx imat ion o f  a UT1 date.  The 
va lue o f  DUTl i s  g i ven  on t h e  U. S., 
Canadian, and most o the r  s i m i l a r  
broadcasts so t h a t  a l i s t e n e r  can 
c o r r e c t  t he  t ime as heard t o  make i t  
agree w i t h  UT1 w i t h i n  0.1 second. 

EMISSION DELAY - a delay d e l i b e r a t e l y  i n s e r t e d  
a t  t h e  t r a n s m i t t e r  t o  t ime t h e  
va r ious  s i g n a l s  be ing  emi t ted.  I n  
Loran-C, i t  a l l ows  a number o f  
s t a t i o n s  (a chain)  t o  t r a n s m i t  on 
t h e  same frequency. 

EPHEMERIS T I M E  (ET) - an ast ronomical  t ime 
system based on the  o r b i t a l  mot ion 
o f  t he  ea r th .  See a l s o  Un ive rsa l  
Time. 

EPOCH - a date se lec ted  as a p o i n t  o f  r e f e r -  
ence, u s u a l l y  i n  astronomy. This  
word i s  very  o f t e n  used i n s t e a d  o f  
t h e  term date o r  t i m e ,  b u t  should be 
discouraged because o f  amb igu i t i es  
i n  i ts -meanings.  

FADING - t h e  c h a r a c t e r i s t i c  o f  r a d i o  waves 
which causes t h e i r  rece ived  ampl i -  
tude t o  decrease. Fading i s  caused 
by a combinat ion o f  severa l  r a d i o  
waves t h a t  a re  n o t  i n  exact  phase. 

FLYWHEEL - an o s c i l l a t o r  o r  f requency source 
used t o  keep a c l o c k  going when i t s  
usual  source o f  frequency i s  l o s t .  
Many d i g i t a l  c locks  use an RC o s c i l -  
l a t o r  t o  " f l y w h e e l "  when the  60 
h e r t z  power i s disconnected. 

FREQUENCY - i f  T i s  t he  p e r i o d  o f  a r e p e t i -  
t i v e  phenomena, then the  frequency 
i s  f = 1/T. I n  S I  u n i t s ,  t h e  p e r i o d  
i s  expressed i n  seconds and t h e  f r e -  
quency i s  i n  he r t z .  Note t h a t  d i f -  
f e r e n t  symbols can be used (especi-  
a l l y  i n  mathematics) t o  i d e n t i f y  a 
p a r t i c u l a r  frequency. I n  t h i s  book, 
bo th  " f"  and "n" have been used (see 
Chapters 3 and 11). The reader 
should take note o f  what i s  meant 
i n  each case. 

FREQUENCY DISCRIMINATOR - an inst rument  o r  
c i r c u i t  which can d i s t i n g u i s h  f r e -  
quency changes. FM r a d i o  c i r c u i t s  
use d i s c r i m i n a t o r s  and they a r e  a l s o  
used t o  measure f requency d i f f e r -  
ences. 

FREQUENCY - the  name g i ven  t o  an inst rument  
developed by NBS t o  measure f r e -  
quency by use o f  t he  c o l o r  t e l e -  
v i s i o n  s u b c a r r i e r .  

FREQUENCY-SHIFT KEYING (FSK) - a means o f  
modulat ing a r a d i o  c a r r i e r  by 
changing i t s  f requency by a smal l  
amount . 

FREQUENCY SYNTHESIZERS - inst ruments o r  c i r -  
c u i t s  t h a t  change one i n p u t  f r e -  
quency t o  one o r  more d i f f e r e n t  
ou tpu t  f requencies.  A communica- 
t i o n s  system, f o r  example, cou ld  use 
a 5 MHz quar t z  c r y s t a l  o s c i l l a t o r  
and synthes ize t h e  c a r r i e r  o r  data 
f requencies needed f o r  communica- 
t i o n s .  

GREENWICH MEAN TIME (GMT) - r e l a t e d  t o  s o l a r  
t ime  a t  Greenwich, England, which 
has been used e x t e n s i v e l y  i n  t h e  
pas t .  A t  t h i s  w r i t i n g ,  Greenwich 
Mean Time can be considered equiva- 
l e n t  t o  Coordinated Un ive rsa l  Time 
(UTC) which i s  broadcast f rom a l l  
s tandard t ime and frequency r a d i o  
s t a t i o n s .  
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GROUP REPETITION RATE - t h e  r a t e  o f  recurrence 
o f  s p e c i f i e d  groups o f  pu lses .  I n  
t h e  case o f  Loran-C, t h e  group 
r e p e t i t i o n  r a t e  i s  a l t e r e d  between 
d i f f e r e n t  cha ins  t o  avo id  i n t e r -  
ference. 

GT CUTS - r e f e r s  t o  t h e  d i r e c t i o n  i n  which a 
quartz c rys ta l  b lank  i s  c u t .  GT 
c r y s t a l s  have e x c e l l e n t  f requency 
s t a b i l i t y  b u t  a re  u s u a l l y  l a r g e r  i n  
phys i ca l  s i z e  than t h e  AT cu ts .  

HARMONIC GENERATOR - an ins t rument  o r  c i r c u i t  
t h a t  generates harmonics o f  t h e  
i n p u t  s i g n a l .  A harmonic genera tor  
p rov ides  a means o f  us ing  a lower  
frequency source t o  c a l i b r a t e  h i g h  
frequency s i g n a l  generators.  

HETERODYNE - t h e  means by which new frequen- 
c i e s  a re  generated by m ix ing  two 
s i g n a l s  i n  a non l i nea r  dev ice  such 
as a vacuum tube, t r a n s i s t o r ,  o r  
d iode mixer.  For example, a super- 
heterodyne r e c e i v e r  conver ts  a l l  
incoming frequencies by heterodyne 
a c t i o n  t o  a common in te rmed ia te  
frequency. 

HETERODYNE CONVERTER - a frequency conver te r  
t h a t  uses t h e  heterodyne process t o  
conver t  i n p u t  s i g n a l s  t o  a range 
where t h e  ins t ruments  can measure 
t h e i r  frequency. 

HYSTERESIS - a l a g  e f f e c t  i n  a body when t h e  
f o r c e  a c t i n g  on i t  i s  changed. 

IMAGE REJECTION - t h e  a b i l i t y  o f  a superhet-  
erodyne r e c e i v e r  t o  r e j e c t  an un- 
wanted s igna l  which i s  j u s t  as f a r  
on one s ide  o f  i t s  l o c a l  o s c i l l a t o r  
as t h e  des i red  frequency i s  on t h e  
o t h e r  s ide .  

INTERMEDIATE FREQUENCY ( I F )  - t h e  frequency i n  
a superheterodyne r e c e i v e r  t o  which 
a l l E  incoming f requenc ies  a re  con- 
ver ted .  The in te rmed ia te  frequency 
i s  u s u a l l y  a low frequency somewhere 
between 450 and 3000 kHz. 

IONOSPHERE - t h e  ou te r  p a r t  o f  t h e  e a r t h ' s  
atmosphere. The ionosphere cons is t s  
o f  a s e r i e s  o f  c o n s t a n t l y  changing 
l a y e r s  of i o n i z e d  molecules. Many 
r a d i o  waves r e f l e c t  back t o  e a r t h  
f rom t h e  ionosphere. 

JITTER - u s u a l l y  used t o  descr ibe  the  small  
changes i n  a s igna l  w i t h  t ime. 
Phase j i t t e r  

JITTER - usua l ly  used t o  descr ibe the  sma l l  
changes i n  a s igna l  w i t h  t ime. 
Phase j i t t e r  causes a counter  t o  be 
t r i g g e r e d  e i t h e r  e a r l y  o r  l a t e .  

JULIAN DAY (JD) - t h e  J u l i a n  day number i s  
ob ta ined by  count ing  days w i t h  a 
s t a r t i n g  p o i n t  o f  noon January 1, 
4713 B.C., which was J u l i a n  Day 
zero. Th is  i s  one way o f  t e l l i n g  
what day i t  i s  w i t h  the  l e a s t  pos- 
s i b l e  ambigui ty.  

LEADING EDGE - on a narrow pu lse  l i k e  t h a t  
f rom a c lock ,  i t  i s  t h e  f i r s t - o c c u r -  
r i n g  change and can be e i t h e r  nega- 
t i v e  o r  pos i t i ve -go ing .  

LEAP SECOND - a one-second i n t e r v a l  e i t h e r  
i n s e r t e d  o r  de le ted  i n  a c l o c k  t o  
keep Coordinated Un iversa l  Time i n  
s tep  w i t h  e a r t h  t ime,  UT1. Th is  i s  
u s u a l l y  done o n l y  once a year  and i s  
in tended t o  a s s i s t  nav iga tors .  

LINE-10 - t h e  t e n t h  l i n e  o u t  o f  525 t h a t  make 
up a t e l e v i s i o n  p i c t u r e .  Line-10 
has been adopted as a measurement 
p o i n t  f o r  t ime  t r a n s f e r .  

LISSAJOUS PATTERNS - the  p a t t e r n s  ob ta ined on 
a cathode r a y  tube by d r i v i n g  bo th  
t h e  h o r i z o n t a l  and v e r t i c a l  de f l ec -  
t i o n  p l a t e s  w i t h  p a r t i c u l a r  s igna ls .  
L issa jous  p a t t e r n s  a re  used f o r  
f requency c a l i b r a t i o n  and phase 
measurement. 

LONG-TERM STABILITY - descr ibes the  frequency 
change o f  an o s c i l l a t o r  t h a t  occurs 
w i t h  t ime. Long-term u s u a l l y  r e f e r s  
t o  changes over t imes longer  than 
one second. 

LOOP ANTENNA - an antenna used f o r  r a d i o  
recep t ion  a t  many d i f f e r e n t  f r e -  
quencies. I t  cons is t s  o f  a number 
o f  t u r n s  o f  w i r e  u s u a l l y  i n  a 
sh ie lded  o r  p ipe - t ype  o f  enclosure.  
A loop  antenna operates i n  t h e  mag- 
n e t i c  f i e l d  o f  t h e  s i g n a l  and has a 
" f i g u r e  - 8" rece p t i o n p a t  t e r n w h i c h 
enables i t  t o  n u l l  o u t  undesired 
s igna ls .  

MASER (MICROWAVE AMPLIFICATION BY SIMULATED 
E M I S S I O N  OF RADIATION) - a dev ice  
t h a t  uses t h e  n a t u r a l  o s c i l l a t i o n s  
o f  atoms and molecules t o  generate 
s i g n a l s  u s u a l l y  i n  the  microwave 
reg ion .  
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MAXIMUM USABLE FREQUENCY (MUF) - t h e  h ighes t  
f requency t h a t  can be used f o r  r a d i o  
t ransmiss ions  w i t h o u t  hav ing  t h e  
s i g n a l  escape th rough t h e  iono- 
sphere. S igna ls  below t h e  maximum 
usab le  f requency w i l l  r e f l e c t  o f f  
t h e  ionosphere. 

MEAN SOLAR TIME - t ime  based on a mean s o l a r  
day, which i s  t h e  average l e n g t h  o f  
a l l  s o l a r  days i n  a s o l a r  year.  The 
mean s o l a r  second i s  1/86,400 o f  a 
mean s o l a r  day. 

M I X E R  - an e l e c t r i c a l  c i r c u i t  t h a t  mixes two 
s i g n a l s  and produces a new s i g n a l  
t h a t  i s  u s u a l l y  e i t h e r  t h e  sum o r  
t h e  d i f f e r e n c e  o f  t h e  two inpu ts .  

MODIFIED JULIAN DAY (MJD) - t h i s  i s  equal t o  
t h e  J u l i a n  da te  s h i f t e d  so i t s  
o r i g i n  occurs a t  m idn igh t  on Novem- 
b e r  17, 1858. That i s ,  i t  d i f f e r s  
f rom t h e  J u l i a n  Day by 2,400,000.5 
days exac t l y .  

MULTIPATH - propagat ion  o f  r a d i o  waves by more 
than one p a t h  f rom t r a n s m i t t e r  t o  
rece ive r .  Th i s  u s u a l l y  causes 
e i t h e r  f a d i n g  o r  d i s t o r t i o n .  

NETWORK TELEVISION PROGRAM - any program t h a t  
o r i g i n a t e s  a t  e i t h e r  t h e  East o r  
West Coast networks o f  t h e  U. S. 
broadcasters.  It does n o t  have t o  
be a l i v e  program. It s imply  has t o  
s t a r t  o u t  a t  t h e  network s tud ios .  

NULL DETECTOR - an ins t rument  t h a t  i s  used t o  
d e t e c t  t h e  absence o f  a s i g n a l .  
N u l l  de tec to rs  a re  u s u a l l y  more 
s e n s i t i v e  than peak de tec to rs .  

OFFSET (FREQUENCY) - frequency o f f s e t  i s  t h e  
d i f f e r e n c e  i n  t h e  a v a i l a b l e  f r e -  
quency and t h e  nominal frequency. 
It i s  o f t e n  de l i be ra te .  I n  t h e  case 
o f  t h e  U. S. t e l e v i s i o n  networks a t  
t h i s  w r i t i n g ,  t h e  o f f s e t  i s  about 
-3000 p a r t s  i n  101 1. The te rm f r e -  
quency o f f s e t  i s  used interchange- 
a b l y  w i t h  t h e  terms r e l a t i v e  o r  
f r a c t i o n a l  frequency. 

OMEGA NAVIGATION SYSTEM - a low frequency (10 
t o  20 kHz) n a v i g a t i o n  system u s u a l l y  
used i n  t h e  hyperbo l i c  mode. 

OPTICAL DETECTION - d e t e c t i o n  o f  s i g n a l  o r  i t s  
p r o p e r t i e s  by o p t i c a l  means. 

OVERTONE CRYSTALS - c r y s t a l s  designed t o  
opera te  a t  a f requency h ighe r  than 
t h e i r  fundamental. C rys ta l  con- 
t r o l l e d  o s c i l l a t o r s  as d i s t i n g u i s h e d  
from c r y s t a l  o s c i l l a t o r s  o f t e n  use 
overtone c r y s t a l s .  

P E R I O D  MEASUREMENT - a measurement o f  f r e -  
quency by measuring t h e  d u r a t i o n  o f  
t h e  pe r iods  i n  t ime  u n i t s  o f  t h e  
s i g n a l .  Pe r iod  measurements a re  
always more accura te  than frequency 
measurements un less  t h e  f requency 
be ing  measured i s  as h i g h  as t h e  
f requency coun te r ' s  t ime  base. For 
example, a counter  w i t h  a 1 MHz t ime  
base can be used i n  t h e  p e r i o d  mode 
f o r  g rea te r  accuracy f o r  f requenc ies  
up t o  1 MHz. 

PHASE DETECTOR - a c i r c u i t  o r  ins t rument  t h a t  
de tec ts  t h e  d i f f e r e n c e  i n  phase 
(sometimes i n  degrees o r  microsec- 
onds) between two s igna ls .  Phase 
d e t e c t i o n  i s  use fu l  i n  h i g h  reso lu -  
t i o n  f requency de tec t i on .  

PHASE ERROR MULTIPLIERS - a scheme whereby t h e  
d i f f e r e n c e  i n  phase between two 
s i g n a l s  i s  enhanced by m u l t i p l i c a -  
t i o n  and m ix ing  techniques. 

PHASE JUMP - t h e  name g i ven  t o  sudden phase 
changes i n  a s i g n a l .  

PHASE LOCK - a servo mechanism techn ique f o r  
causing one s i g n a l  t o  f o l l o w  
another.  They can be b u t  do n o t  
have t o  be a t  t h e  same frequency. 
Phase l o c k i n g  i n  terms o f  f requency 
sources i s  analogous t o  a mechanical 
servo where one s h a f t  o r  wheel 
f o l l o w s  another.  

PHASE SIGNATURE - a d e l i b e r a t e  phase o f f s e t  t o  
i d e n t i f y  a s i g n a l .  WWVB as broad- 
c a s t  i s  d e l i b e r a t e l y  phase s h i f t e d  
a t  10 minutes a f t e r  t h e  hour. Th i s  
a i d s  t h e  user by l e t t i n g  him know 
t h a t  he r e a l l y  i s  t r a c k i n g  WWVB and 
n o t  same o t h e r  s igna l .  

POWER LIKE FREQUENCY - I n  t h e  Un i ted  Sta tes  
t h e  power l i n e s  a re  h e l d  t o  a 
nominal 60 he r t z .  V a r i a t i o n s  i n  
t h i s  o f  about 50 ppm occur when 
t h e  power system a d j u s t s  t h e  f r e -  
quency t o  r e g u l a t e  power f 1 ow. 

PORTABLE CLOCK - any c l o c k  which i s  designed 
t o  be t ranpor ted .  Usua l l y  i t  i s  an 
atomic c l o c k  w i t h  s u i t a b l e  b a t t e r -  
i e s .  
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P R E C I S I O N  - t h e  r e p r o d u c i b i l i t y  o f  a g i ven  
measurement. For example, a c l o c k  
pu lse  cou ld  be c o n s i s t e n t l y  measured 
t o  a p r e c i s i o n  o f  a few nanoseconds. 
Not t o  be confused w i t h  accuracy. 
The same c l o c k  t h a t  i s  measured t o  a 
p r e c i s i o n  o f  a few nanoseconds cou ld  
be i n  e r r o r  by  severa l  seconds. 

SHORT-TERM STABIL ITY  - a d e s c r i p t i o n  of t h e  

SIDEREAL 
PRESCALING - t h e  process whereby a f requency 

o u t  o f  range o f  a measurement i n -  
strument can be sca led  down t o  
w i t h i n  t h e  range o f  t h a t  ins t rument .  

PROPAGATION DELAY - the  de lay  exper ienced by a 
s i g n a l  as i t  t rave rses  a r a d i o  path.  

Q - t h e  q u a l i t y  o f  a s i g n a l  o r  de tec to r  o r  
device.  Q o f  c o i l s  i s  de f i ned  as 
t h e  r a t i o  o f  t h e  i n d u c t i v e  reactance 
t o  t h e  res is tance.  It i s  a l s o  equal 
t o  t h e  r a t i o s  o f  bandwidth o f  a 
resonator  t o  i t s  c e n t r a l  frequency. 

QUARTZ - a b r i l l i a n t ,  c r y s t a l l i n e  m ine ra l ,  
ma in l y  s i l i c o n  d iox ide .  

RECEIVER DELAY - t h e  de lay  exper ienced by the  
s i g n a l  go ing  from t h e  antenna t o  t h e  
de tec to r  o r  ou tpu t  device,  speaker, 
o r  osc i  11 oscope te rm i  na l  . Typ ica l  
r e c e i v e r  delays i n  h i g h  frequency 
r a d i o  rece ive rs  a re  o f  t h e  o rde r  o f  
a few m i  11 i seconds. 

REPRODUCIBILITY - t h e  degree t o  which an 
o s c i l l a t o r  w i l l  produce t h e  same 
ou tpu t  f requency from one t ime  t o  
another a f t e r  i t  has been p r o p e r l y  
a1 igned. 

RESOLUTION - t h e  degree t o  which a measurement 
can be determined i s  c a l l e d  t h e  
r e s o l u t i o n  o f  t h e  measurement. A 
t ime  i n t e r v a l  counter migh t  o n l y  
reso lve  ten ths  o f  seconds o r  a few 
m i  11 i seconds. 

RUBIDIUM (Rb) OSCILLATOR - an o s c i l l a t o r  based 
on a resonance o f  rub id ium gas. 

SELECTIVITY - t h e  a b i l i t y  o f  r a d i o  r e c e i v e r  
c i r c u i t s  t o  separate one s i g n a l  f rom 
another.  

SENSITIVITY - t h e  c h a r a c t e r i s t i c  o f  a r a d i o  
r e c e i v e r  t h a t  a l lows i t  t o  d e t e c t  
weak s igna ls .  

SHAPER - a c i r c u i t  t h a t  p rov ides  un i fo rm 
pu lses  f rom a v a r i e t y  o f  i npu ts .  An 
example would be a c i r c u i t  t o  change 
s i n e  waves i n t o  sharp pulses.  

f requency f l u c t u a t i o n s  caused by 
random no ise  i n  an o s c i l l a t o r .  To 
p r o p e r l y  s t a t e  t h e  shor t - te rm 
s t a b i l i t y ,  t h e  number o f  samples, 
averag ing  t ime,  r e p e t i t i o n  t ime,  and 
system bandwidth must be spec i f i ed .  

TIME ( S I G H  DEER’ EEE AL) - t ime based 
on obse rva t i ons  o f  s t a r s  r a t h e r  than 
t h e  sun. S iderea l  t ime i s  used by 
astronomers and a s i d e r e a l  day i s  
equal t o  about 23 hours,  56 minutes,  
and 4 seconds o f  s o l a r  t ime. Be- 
cause i t  i s  based on observa t ions  o f  
s t a r s ,  i t  i s  more accu ra te l y  de te r -  
mined than s o l a r  t ime. 

SIGNAL-TO-NOISE RATIO (SNR) - t h e  r a t i o  o f  t he  

SQUARING 

STANDARD 

STANDARD 

s t r e n g t h  o f  a r a d i o  s i g n a l  t o  t h a t  
o f  t h e  noise.  Th is  i s  o f t e n  a more 
u s e f u l  te rm than s imp ly  s i g n a l  
s t reng th .  

CIRCUIT - a c i r c u i t  designed t o  
produce square waves from an i n p u t  
waveform, q u i t e  o f t e n  a s inuso id .  
Th is  reduces t h e  i n d e c i s i o n  about 
where zero c ross ings  w i l l  occur. 

- a u n i v e r s a l l y  accepted reference. 
The NBS frequency standard i s  a 
cesium o s c i l l a t o r  l oca ted  a t  t h e  
Nat iona l  Bureau o f  Standards i n  
Boulder,  Colorado. Many f requenc ies  
generated and used i n  t h e  Un i ted  
Sta tes  a re  re fe renced t o  t h i s  
standard. 

FREQUENCY BAND - r a d i o  bands a l l o -  
ca ted  express ly  f o r  t h e  purpose o f  
d i s t r i b u t i n g  standard frequency 
and/or t ime. For example, a l l  o f  
t h e  t ransmiss ions  o f  WWV occur i n  
s tandard  f requency bands centered on 
2.5,  5, 10, and 15 MHz. 

STATE SELECTION - the  process whereby atoms o r  
molecules a re  separated, f rom atoms 
o r  molecules i n  a d i f f e r e n t  s t a t e .  

SUBCARRIER - an a d d i t i o n a l  s i g n a l  i n s e r t e d  
a long w i t h  t h e  main c a r r i e r  i n  r a d i o  
o r  t e l e v i s i o n  t ransmiss ion .  The 
t e l e v i s i o n  c o l o r  subca r r i e r  i s  a 
s i g n a l  added t o  t h e  t e l e v i s i o n  
fo rmat  a t  about 3.58 MHz from t h e  
main c a r r i e r .  

SUNSPOTS 

SUNSPOT 

- dark  spots sometimes seen on t h e  
su r face  o f  t he  sun which a re  r e l a t e d  
t o  magnetic and r a d i o  p ropagat ion  
d is tu rbances  on ea r th .  

CYCLES - cyc les  i n  the  number o f  
sunspots. 
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SYNCHRONIZATION - i n  t h e  con tex t  o f  t i m i n g ,  
synch ron iza t i on  means t o  b r i n g  two 
c locks  o r  da ta  streams i n t o  phase 
so they  agree. They need n o t  be 
on t ime.  

TCXO (TEMPERATURE COMPENSATED CRYSTAL OSCIL- 
LATOR) - a c r y s t a l  o s c i l l a t o r  t h a t  
con ta ins  spec ia l  components t o  m in i -  
mize t h e  e f f e c t  o f  temperature on 
t h e  c r y s t a l  f requency. 

TICK - an e l e c t r i c a l  s i g n a l ,  u s u a l l y  a pu lse ,  
designed f o r  use i n  r e s e t t i n g  o f  
d i v i d e r s ,  e t c .  The WWV t i c k  heard 
on i t s  r a d i o  broadcast c o n s i s t s  o f  5 
cyc les  o f  a 1 kHz s ine  wave. 

TIME BASE - i n  a f requency counter  t h a t  o s c i l -  
l a t o r  which prov ides  t h e  t i m i n g  
s i g n a l s  f o r  measurement and c o n t r o l .  
The accuracy o f  t h e  counter  i s  
d i r e c t l y  r e l a t e d  t o  t h e  t ime  base. 

TIME INTERVAL COUNTER - a counter  designed t o  
measure t h e  t ime between events, 
zero  c ross ings  f o r  example. 

TIME OF COINCIDENCE (LORAN) - t h a t  t ime when 
t h e  Loran s i g n a l  i s  c o i n c i d e n t  w i t h  
an exac t  second o f  Coordinated 
Un iversa l  Time. These t imes o f  
co inc idence w i l l  occur about every 
10 o r  15 minutes and have been 
t a b u l a t e d  by t h e  U. S. Naval Observ- 
a to ry .  

TRANSFER STANDARDS - t h e  name g i ven  t o  a s ig -  
na l  t h a t  i s  used t o  per fo rm a c a l i -  
b r a t i o n  when i t  can be re fe renced t o  
a standard. An example would be t h e  
use o f  a VLF frequency source t o  
t r a n s f e r  f requency t o  a l o c a t i o n  
based on i t s  c a l i b r a t i o n  a t  NBS. 

TRIGGER ERROR - The e r r o r  assoc ia ted  w i t h  
f a l s e  t r i g g e r i n g  caused by phase 
no ise  o r  j i t t e r  on a s igna l .  

TTL INTEGRATED CIRCUITS - a f a m i l y  o f  i n teg ra -  
t e d  c i r c u i t s  t h a t  uses t r a n s i s t o r -  
t r a n s i s t o r  l o g i c .  A t  t h i s  w r i t i n g  
TTL has become t h e  most popu lar  
f a m i l y  o f  i n t e g r a t e d  c i r c u i t s  and i s  
charac te r i zed  by  f a s t  r i s e  t imes. 
Unless d e l i b e r a t e l y  mod i f ied ,  ou tpu t  
l e v e l s  a re  nomina l l y  zero t o  5 v o l t s  
p o s i  t i ve. 

UNIVERSAL TIME (UT) FAMILY - Un iversa l  Time i s  
g i ven  i n  severa l  ways. Apparent 
s o l a r  t ime  i s  f i r s t  co r rec ted  by  t h e  
equat ion  o f  t ime t o  mean s o l a r  t ime,  
UTO. It i s  then aga in  co r rec ted  f o r  
m i g r a t i o n  o f  t h e  e a r t h ' s  po les  t o  
o b t a i n  UT1. Th is  i s  f u r t h e r  co r -  
r e c t e d  f o r  p e r i o d i c i t y  o f  unknown 
o r i g i n  t o  o b t a i n  UT2. 

VFO - v a r i a b l e  f requency o s c i l l a t o r  as d i s -  
t i n g u i s h e d  from a f i x e d  frequency 
o s c i  1 l a t o r  such as a c r y s t a l .  

WAVE ANGLE - t h e  ang le  above t h e  su r face  o f  
t h e  e a r t h  a t  which a s i g n a l  i s  
t r a n s m i t t e d  f rom o r  rece ived  by an 
antenna. 

WAVEMETER - a meter f o r  measuring frequency. 
Wavemeters u s u a l l y  work by hav ing  a 
c o i l  t h a t  c o l l e c t s  p a r t  o f  t h e  
energy f rom a t r a n s m i t t e r  o r  a 
t ransmiss ion  l i n e  and d i s p l a y s  
resonance on a meter movement. 

ZERO BEAT - t h a t  c o n d i t i o n  between two s i g n a l s  
when no bea t  i s  heard o r  seen be- 
tween t h e  s igna ls ;  t h a t  i s ,  t h e  
f requenc ies  a re  equal .  
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OMA . 74 
VNG . 74 
W V / V H  . 69,81-105,215 

HYDROGEN MASER, ATOMIC . 209 

I R I G  TIME CODE . 13 

INTERFERENCE 

HF R A D I O  BROADCAST . 69 

LF/VLF R A D I O  BROADCAST . 113 

INTERNATIONAL ATOMIC TIME SCALE (TAI) . 18 

INTERNATIONAL COORDINATION OF TIME AND FREQUENCY ACTIVITIES (See 
COORDINATION OF TIME AND FREQUENCY ACTIVITIES, INTERNATIONAL) 

IONOSPHERE, EFFECTS ON HF RECEPTION 69,102 

JITTER . 40,44 

LF/VLF R A D I O  BROADCAST 

ACCURACY (See ACCURACY, C a l i b r a t i o n )  
ANTENNAS . 
CALIBRATIONS USING 

Frequency . 
Time Code WVB . 

FIELD STRENGTH . 
SIGNAL FORMAT . 
STATIONS . 

DCF 77 . 
HBG 

Loran-C . 
MSF . 
OMA . 
Omega Nav iga t i on  System . 
RBU, RTZ . 
U.S. Navy Communicat;on S t a t i o n s  (NAA, NDT, N i K ,  NPM, N k ,  NWC) 
VGC3, VTR3. 
WWVB . 

JGZAS~JJF-i : 

: 

107 

113 
127 

111 

107 

107-126 

118 
120 
120 
153-173 
121 
123 
115 
124 
121 
124 
107-115,127-130 

LEAP SECOND . 19 

LINE-10 SERVICE,  TELEVISION 

ACCURACY . 146,149 

EQUIPMENT NEEDED . 147 

GETTING TIME-OF-DAY . 151 
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REFERENCED TO 
NBS . 1 4 6  
USNO . 1 5 1  

L ISSAJOUS PATTERNS . 

LONG-TERM S T A B I L I T Y  . 

LORAN-C NAVIGATION SYSTEM (100 k H z )  
ACCURACY, CAL IBRATION 

F r e q u e n c y  . 
T i m e  . 

CARRIER FREQUENCIES . 
CHAINS . 
CONTROL BY USNO AND U.S. COAST GUARD 

COVERAGE . 
FREQUENCY CALIBRATION . 
GROUNDWAVE S IGNAL RANGE . 
MASTER STATION . 
PULSE SHAPE . 
S IGNAL CHARACTERISTICS . 
SKYWAVE S IGNAL RANGE. 

SLAVE STATION . 
T I M E  SETTING . 

MASER, ATOMIC HYDROGEN . 

MASTER 

CLOCK. 

STATION, LORAN-C . 

MEAN SOLAR T IME.  

MEASUREMENT 
T I M E  INTERVAL ( S e e  a l s o  CALIBRATION TECHNIQUES) . 

D i r e c t  F r e q u e n c y  . 
P e r i o d  . 
P h a s e .  
P u l s e - W i d t h  D e t e r m i n a t i o n .  

MERIDIAN OF GREENWICH, ENGLAND. . 

METER 
DIRECT-READING ANALOG FREQUENCY . 

E l e c t r o n i c  A u d i o  . 
R a d i o  F r e q u e n c y  . 

HETERODYNE FREQUENCY. . 
WAVE . 

236 

50,98 

44 

1 7 1  
172 
161 

154- 159 
153 

166 
170 

1 6 6  

153 

161 
153,167 
167 

153 
168 

209 

7 
153 

17 

40 

35 
39 
42 
43 

17,22 

58 

58 
59 

57 
56 



METHODS OF CALIBRATION (See CALIBRATION TECHNIQUES) 

MONITORING DATA AVAILABILITY (See BULLETIN, NBS o r  USNO) 

MULTIPLE-PERIOD AVERAGING. 

MULTIPLIER 
PHASE ERROR . 
FREQUENCY . 

NBS (NATIONAL BUREAU OF STANDARDS) 

ATOMIC CLOCK . 
FREQUENCY STANDARD . 
NBS-6. 
R A D I O  BROADCASTS 

WV/WVH . 
WVB . 

ROLE (See NBS TIME AND FREQUENCY D I V I S I O N ,  R e s p o n s i b i l i t i e s )  

SERVICES 

C a l i b r a t i o n  
GOES S a t e l l i t e  i i m e  Code 
T e l e v i s i o n  

Frequency C a l i b r a t i o n  v i a  Co lo r  S u b c a r r i e r  
Line-10 Time and Frequency . 

. 

WV/WWVH . 
WVB . 

SYSTEM 358 FREQUENCY MEASUREMENT COMPUTER 

TIME AND FREQUENCY D I V I S I O N  . 
O r g a n i z a t i o n  . 
R e s p o n s i b i l i t i e s  . 

GOES S a t e l l i t e  . 
WV/WWVH . 
WVB . 

TIME STANDARD . 

. 

TIME CODE 

NATIONAL BUREAU OF STANDARDS (See NBS) 

NAVAL OBSERVATORY, U.S. (See USNO) 

NAVIGATION 

SYSTEM 

Loran-C . 
Omega . 
TRANSIT S a t e l l i t e  . 

USE OF TIME SCALES FOR . 

39,45 

61 

60 

6 
6,191 

6,198 

69,81- 105 
107-115,127-130 

23 
175- 187 

1 31 - 143 
145-152 

69,81- 105 
107-115,127-130 
138 

23 
23 
7,23 

177 
14,92 
14,127 

6 

153- 173 
115 
187-189 

22 

237 



NETWORK T E L E V I S I O N  BROADCASTS, USES 

FREQUENCY C A L I B R A T I O N  . 
T I M E  C A L I B R A T I O N  . 

NOAA (NATIONAL OCEANIC AND ATMOSPHERIC ADMINISTRATION)  . 

N O I S E  
ERRORS . 
QUARTZ CRYSTAL OSCILLATOR. . 

NULL DETECTORS . 

OBSERVATORIES, ASTRONOMICAL . 

OMEGA NAVIGATION SYSTEM 

FORMAT, BROADCAST . 
MONITORING DATA 

NOTICES AND NAVIGATIONAL WARNINGS . 
OPERATING CHARACTERISTICS. 

PROPAGATION CHARACTERISTICS . 
SYNCHRONIZATION CONTROL . 

ORGANIZATION OF T I M E  AND FREQUENCY A C T I V I T I E S ,  INTERNATIONAL ( S e e  
COORDINATION OF T I M E  AND FREQUENCY A C T I V I T I E S ,  INTERNATIONAL)  

OSCILLATOR 

ATOMIC . 
AUDIO 

CESIUM BEAM . 
HYDROGEN MASER . 
QUARTZ CRYSTAL (See QUARTZ CRYSTAL OSCILLATOR) 

R U B I D I U M  . 
T E L E V I S I O N  NETWORK . 
TRANSFER . 
VARIABLE FREQUENCY (VFO) . 

OSCILLOSCOPE, CATHODE-RAY. 

OSCILLOSCOPE, METHODS OF C A L I B R A T I O N  USING 
D I R E C T  MEASUREMENT OF FREQUENCY . 
FREQUENCY COMPARISON . 
LISSAJOUS PATTERNS . 
PHOTOGRAPHY . 
PATTERN D R I F T  . 
SWEEP FREQUENCY C A L I B R A T I O N  . 

131 - 143,145- 152 

145- 152 

187 

34,40 

201 

37 

23 

115 

127 
118 

115 

117 

117 

6,205 

54 

207,211 

209,211 

208,211 

132 
37 

37 

48 

50 

50 

50,98 

92 
100 

55 
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T I M E  BASE, CAL IBRATING . 
T I M E  INTERVAL . 

49 

56 

P T T I  (PRECISE T I M E  AND T I M E  INTERVAL)  . 24 

PATH DELAY, RADIO PROPAGATION (See PROPAGATION PATH DELAY MEASUREMENT) 

PATTERN D R I F T  METHOD OF CALIBRATION 

PATTERNS, L ISSAJOUS . 

PERIOD MEASUREMENT . 

100 

50,98 

39 

PHASE 

CHANGES, W V B ,  LF/VLF . 
DETECTOR . 
ERROR M U L T I P L I E R  . 
I N S T A B I L I T Y  OF TV SIGNALS. 

JUMPS, T E L E V I S I O N  . 
LOCK LOOP . 
LOCK TECHNIQUE . 
MEASUREMENT . 
RECORDINGS FOR FREQUENCY CALIBRATION,  W V B  

RETARDATION, LF/VLF . . 
S H I F T  I D E N T I F I C A T I O N ,  W V B  . 
S H I F T  

. 

LF/VLF . 

TRACKING RECEIVER . 
Cycle. . 

108 

53,62 

53,61 

133 

133 

66 

66 
42,132 

113 

108 
114 

108 
108 

66 

PHOTOGRAPHY, OSCILLOSCOPE. 92 

PIEZOELECTRIC EFFECT. 199 

-+ 1 COUNT AMBIGUITY . 34,44 

PORTABLE CLOCK . 5,24 

PRECISION,  D E F I N I T I O N  . 223 

PRESCALING. 35 

PRIMARY 

CLOCK. 6 

FREQUENCY STANDARD . 6,197 
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PRINTER-RECORDER . 

PROPAGATION 

CHARACTERISTICS 

HF LF/VLF : 
D I F F E R E N T I A L  PATH DELAY . 
PATH DELAY MEASUREMENT 

HF . 
T i m e  C o d e  . 

PUBLICATIONS (See Bulletin, NBS or USNO) 

48 

69 
108 
146 

87,101 
15 

PULSE-WIDTH DETERMINATION MEASUREMENT 43 

Q, RESONATOR 

CESIUM . 
D E F I N I T I O N .  

HYDROGEN . 
QUARTZ CRYSTAL . 
REQUIREMENTS . 
RUBIDIUM . 

208 
197 
209 
201 
60 
208 

QUARTZ CRYSTAL OSCILLATOR 

ACCURACY . 
AGING. 

CHARACTERISTICS. 

COST . 
D R I F T .  

FREQUENCY S T A B I L I T Y  . 
LONG-TERM DRIFT .  

PERFORMANCE . 
PROPERTIES. 

Q *  
SHORT-TERM S T A B I L I T Y .  

TEMPERATURE EFFECTS . 

201,211 
11,43,201 
199 
202,211 
11,43 
201 
44 
201 
199 
201 
44 
201 

RADIO ASTRONOMY OBSERVATORY 23 

RADIO BROADCASTS (USING FOR CALIBRATION)  

HF . 
LF/VLF  . 
LORAN-C . 
NBS . 
OMEGA NAVIGATION SYSTEM . 

69- 105 
107- 130 
153-173 
69-1 05,107-1 30 
115 
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RADIO FREQUENCY 

BAND . 
METER. 

RADIO PROPAGATION DELAY MEASUREMENT ( S e e  PROPAGATION PATH DELAY MEASUREMENT) 

RECEIVER 
CYCLE PHASE S H I F T ,  LF/VLF.  . 
DELAY. 

SELECTION (HF) . 
T I M E  DELAY MEASUREMENTS . 

RELATIVE FREQUENCY 

DIFFERENCE. 

REPRODUCIB IL ITY  

RESONANCE 

ATOMIC . 
DETECTING . 

RESONATOR 

ATOM1 C 
A c c u r a c y  . 
D e t e c t i n g  R e s o n a n c e  . ' . 
S t a b i l i t y  . 
S t a t e  S e l e c t i o n .  

QUARTZ CRYSTAL . 

R E S P O N S I B I L I T I E S  I N  T I M E  AND FREQUENCY COORDINATION ( S e e  COORDINATION 
OF T I M E  AND FREQUENCY A C T I V I T I E S ,  INTERNATIONAL)  

RUBIDIUM GAS CELL  OSCILLATOR . 

S, RELATIVE FREQUENCY DIFFERENCE . 

SCALE, T I M E  ( S e e  T I M E  SCALE) 

SCHMITT TRIGGER. . 

SECOND 

D E F I N I T I O N .  

LEAP . 

10 
59 

108 

15,86 
81 
87 

28 
28 

193 

202 
204 

206 
204 
206 
203 

199 

208 

28 

46 

193 
19 
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SECONDARY 

CLOCK. . 
FREQUENCY STANDARD . 

7 

197 

SECONDS TICK, WWV/WWVH . 86 

SERVICES 

NBS 
GOES S a t e l l i t e  Time Code . 
Telephone Time-of-Day . 
T e l e v i s i o n  

Frequency C a l i b r a t i o n ,  Co lo r  S u b c a r r i e r  . 
Time and Frequency C a l i b r a t i o n ,  Line-10 . 

Time and Frequency D i v i s i o n  . 
W / W H  . 
W B  . 

RADIO BROADCAST 
HF 

Loran-C . 
Omega. . 

LFIVLF 

USNO . 

175-187 
105 

131 -143 
131 -143 

23 
69,81-105 
107-115,127-130 

69- 105 
107- 130 
153-173 
115 

24,142,151, 
170,171,187 

SHIFT, DIURNAL, LF/VLF . 108 

SHORT-TERM STABILITY. . 

SIDEREAL TIME . 

SIGNAL 

44 

17 

AVERAGER . 
CHARACTERISTICS 

HF 

Loran-C . 
T e l e v i s i o n .  
WWVB . 

LFIVLF 

SKYWAVE 

COVERAGE, LORAN-C . 
Accuracy . 

DEFINITION. 
HOPS, HF . 

SLAVE STATION, LORAN-C . 

65 

82 
108 
153 
133 
108 

167 

172 

167 
102 

153 

SOLAR TIME 

242 
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SOURCE, FREQUENCY 

ATOMIC OSCILLATOR 
C e s i u m  Beam . 207 
H y d r o g e n  M a s e r  . 209 
R u b i d i u m  . 208 

COMPARISONS OF . 21 1 

PERFORMANCE . 193 
PRIMARY AND SECONDARY STANDARDS . 197 
QUARTZ CRYSTAL OSCILLATOR. . 199 
RESONATORS. 196 

S T A B I L I T Y  ( S e e  S T A B I L I T Y )  

SPECIFICATIONS,  S T A B I L I T Y .  4 4  

STAB1 L I T Y  

ATOMIC OSCILLATOR 

C e s i u m  Beam . 
H y d r o g e n  M a s e r  . 
R u b i d i u m  . 

D E F I N I T I O N .  

FRACTIONAL FREQUENCY. . 
INFLUENCES ON . 
QUARTZ CRYSTAL OSCILLATOR. 

S P E C I F I C A T I O N S  

L o n g - T e r m  . 
S h o r t - T e r m .  

T E L E V I S I O N  COLOR SUBCARRIER 

207,211 
209,211 
208,211 

193 

194 
193,194 
197 

44 
44 
141 

STANDARDS 
ATOMIC . 6 
BASIC.  5 
CESIUM BEAM . 207 

D E F I N I T I O N .  5,191 
FREQUENCY . 6 

HYDROGEN MASER . 209 
NBS T I M E  AND FREQUENCY . 6 
PRIMARY (DEFINED) . 197 
R U B I D I U M  . 208 

SECONDARY (DEFINED) . 197 

STATE SELECTION, ATOMIC . 203 

STATE STANDARDS LABS. 7 

SUBCARRIER, COLOR T E L E V I S I O N ,  3.58 MHz . . 131 

SUNDIAL . 17 
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SWEEP FREQUENCY CALIBRATION . 55 

SYNTHESIZER, FREQUENCY . 

SYNCHRONIZATION, SYSTEMS . 

TA (ATOMIC T IME)  . 

T A I  ( INTERNATIONAL ATOMIC T I M E )  . 

TCXO (TEMPERATURE-CONTROLLED CRYSTAL OSCILLATOR) . 

TABLES 

CHARACTERISTICS OF THE MAJOR T I M E  AND FREQUENCY DISSEMINATION SYSTEMS . 
CHARACTERISTICS OF THE OMEGA NAVIGATION SYSTEM STATIONS. 
COMPARISON OF FREQUENCY SOURCES . 
CONVERSION TO HERTZ . 
HOW FREQUENCY I S  CALIBRATED . 
HOW T I M E  I S  CALIBRATED . 
IMAGE FREQUENCIES FOR WWV/WWVH. . 
LORAN-C CHAINS . 
LORAN-C ECD TABLE: HALF CYCLE PEAK AMPLITUDE vs ECD . 
LORAN-C GROUP R E P E T I T I O N  INTERVALS . 
PARTS PER ... TO PERCENT CONVERSION . 
PREFIX  CONVERSION . 
RADIO FREQUENCY BANDS . 
READINGS OBTAINED WITH VARIOUS SETTINGS OF T I M E  BASE AND PERIOD 

M U L T I P L I E R  CONTROLS . 
STANDARD FREQUENCY AND T I M E  S IGNAL BROADCASTS I N  THE H I G H  FREQUENCY BAND 

STANDARD FREQUENCY AND T I M E  S IGNAL BROADCASTS I N  THE LOW FREQUENCY BAND 

. 

TECHNIQUES, CAL IBRATION ( S e e  CAL IBRATION TECHNIQUES) 

TELEPHONE 

D I S T R I B U T I O N  OF T I M E  AND FREQUENCY . 
NBS TIME-OF-DAY SERVICE . 

T E L E V I S I O N  
ACCURACY OF CALIBRATION 

C o l o r  S u b c a r r i e r ,  Frequency . 
Line- 10 

Frequency . 
T i m e  . 

B a r  C o m p a r a t o r  . 
S u b c a r r i e r ,  3.58 MHz. 

COLOR 

60 

21 

18 

18 

20 1 

21 3 

116 

21 1 

10 

214 

214 

82 

154 

163 

164 

9 

9 
10 

40 

77-80 

125- 126 

11 

12,105 

131,138 

145,149 
147,151 

136 
132 
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CALIBRATION TECHNIQUES 

Frequency 
Co lo r  S u b c a r r i e r  . 
Line-10 . 

Time, Line-10 . 
DIGITAL FRAME SYNCHRONIZER . 
DIGITAL OFFSET COMPUTER . 
FREQUENCY OFFSET . 
PHASE INSTABILITY OF SIGNAL . 
SYSTEM 358 FREQUENCY MEASUREMENT COMPUTER 
TRACEABILITY OF CALIBRATION 

. 

NBS . 
USNO . 

USNO TV FREQUENCY CALIBRATION SERVICE . 

TEMPERATURE 

COMPENSATED CRYSTAL OSCILLATOR (TCXO) . 
EFFECTS ON CRYSTALS . 
EFFECTS ON TIME BASE OSCILLATORS . 

TIME 

ACCURACY OF CALIBRATION 

GOES S a t e l  1 i t e  Time Code . 
HF Radio Broadcasts . 
LF/VLF Radio Broadcasts . 
Loran-C . 
T e l e v i s i o n  Line-10 . 
TRANSIT Sa te l  l i t e  N a v i g a t i o n  System: 

ATOMIC . 
CALIBRATION (See CALIBRATION TECHNIQUES, TIME) 

CODE (See TIME CODE) 

OF-DAY . 
DEFINITION. 

DELAY (See DELAY) 

EPHEMERIS . 
EQUATION OF . 
FREQUENCY D I V I S I O N ,  NBS . 
INTERVAL 

: 

D e f i n i t i o n .  
Measurement . 

SERVICE D I V I S I O N ,  USNO . 
SERVICES (see a l s o  SERVICES)  . 
SIDEREAL . 
SOLAR. . 
STANDARD . 
TELEPHONE TIME-OF-DAY SERVICE . 

1 31 - 1 43 
145-151 
151 

142,151 

138 

134 

133 

138 

135, I46 
151 
142 

201 

20 1 

43 

184 
69,77-80,105 
107,125-126,130 
172 
1 47,151 
189 

18 

4,86 
4 

18 

17 

23 

4 
40,56 

24 

5,23,24 

17 

17 
6 

105 
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TRANSFER 

Us ing  WWVB Transmi t ted  Envelope . 
Using T e l e v i s i o n  Line-10 . 

UNIVERSAL . 
ZONES. 

TIME BASE 
CALIBRATION . 
ERROR. 
FUNCTION I N  COUNTERS. 

TIME CALIBRATION (See CALIBRATION TECHNIQUES, TIME) . 
TIME CODE 

ACCURACY . 
DEFINITION. 

GOES S a t e l l i t e  . 
I R I G  . 
RECOVERING 

WWV/WWVH . 
WWVB . 

UTILITY OF. 
W / W V H  . 
WWVB . 

Time T rans fe r  Using Transmi t ted  Envelope. 

TIME OF COINCIDENCE (TOC), LORAN-C . 

TIME COMPARISON FOR FREQUENCY CALIBRATION . 

TIME SCALE 

ASTRONOMICAL 

ATOMIC 

TA, TAI 
UTC . 

DEFINITION. 

HISTORY . 
NAVIGATOR ' S 

UNIFORMITY. 

USES . 

TRACEABILITY 

DEFINITION. 

128 
145-152 

19 

20 

49 

34,43 

33 

15 

13 

177 

13 

92 
127 

15 
14,92 

14,127 

128 

170 

100 

17 

18 
19 

17 

17 

17 

17 

21 

8 
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ESTABLISHING 
NBS 

Time and Frequency B u l l e t i n  
Loran-C . 171 
T e l e v i s i o n  Co lor  Subcar r i e r  . 
T e l e v i s i o n  Line-10 . 146 
Omega. . 127 
WVB . 127 

134,138 

USNO 

Time Servikes B u l l e t i n  
LF/VLF Broadcasts . 127 
Loran-C . 170,171 
T e l e v i s i o n  Line-10 . 151 
TRANSIT S a t e l l i t e  . 187 

TRANSIT SATELLITE NAVIGATION SYSTEM. . 187 

TRIGGER LEVEL ERRORS. 42,45 

UTC (COORDINATED UNIVERSAL TIME) 
TIME SCALE. 19 

R A D I O  BROADCASTS . 77-80,125-126 

UT1 
CORRECTIONS 

WV/WVH . 19,94 
WVB . 127 

DETERMINATION . 22,24 

USNO (U. S .  NAVAL OBSERVATORY) 

MONITORING DATA (See BULLETIN, USNO) 
LINE-1 0 SERVICE 151 

PTTI COORDINATION GROUP . 24 

ROLE I N  INTERNATIONAL COORDINATION OF TIME AND FREQUENCY . 24 

Determinat ion  o f  UT1. 24 

TIME SERVICES D I V I S I O N  . 24 

TV FREQUENCY CALIBRATION SERVICE . 142 

UNIVERSAL 
TIME, COORDINATED . 19 

TIME FAMILY . 17 

U.S. NAVAL OBSERVATORY (See USNO) 

VFO (VARIABLE FREQUENCY OSCILLATOR). . 37 

VLF R A D I O  BROADCASTS, CALIBRATIONS USING. . 107- 130 
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WAVELENGTH. 10 

WAVEMETER . 56 

WWV/WWVH 

ANTENNAS . 
CALIBRATION TECHNIQUES 

Frequency . 
T i m e  . 
T i m e  C o d e  . 

CHARACTERISTICS,  S IGNAL . 
FORMAT . 

T i m e  C o d e  . 
TIME-OF-DAY ANNOUNCEMENTS. . 
TELEPHONE T I M E  SERVICE . 
PROPAGATION PATH DELAY . 

82 

96 
86 
92 

82 

69,215 

93 

86 
105 

101 

WWVB 

ANTENNAS . 
CALIBRATION TECHNIQUES 

F r e q u e n c y  . 
T i m e  C o d e  . 

CHARACTERISTICS. 

F I E L D  STRENGTH . 
FORMAT . 

T i m e  C o d e  . 
PHASE S H I F T  I D E N T I F I C A T I O N  . 

107 

113 
127 

108 

111 

107 

127 
114 

YEARLY UTC OFFSET (PRIOR TO 1972) . 19 

ZERO BEAT METHOD OF FREQUENCY COMPARISON. 37,97 

ZERO OFFSET OF UTC T I M E  SCALE . 19 

ZONES, T I M E  . 20 
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NBS TECHNICAL 
PERIODICALS 

J O U R N A L  OF RESEARCH-The Journal of Research o f  thc 
National Bureau o f  Standards reports N BS research and develop- 
ment in those disciplines of the phyrical and  engineering sciences in  

which the Bureau is active. These include physics. chemistry, 
engineering, mathematics, and  computer  sciences. Papers cover a 
broad range of subjects. w i t h  major emphasis on measurement 
methodology and  the basic technology underlying s t anda rd iu t ion .  
Also included from time t o  time are survey articles on  topics 
closely related to the Bureau’s technical and scientific program\.  
As ii special service to subscribers each issue contains complete 
citations to a l l  recent Bureau publications in both NBS and non- 
NBS media. Issued six times a year. Annual subscription. domestic 
$17: foreign $21.25. Single copy, $3 domestic: $3.75 foreign. 
NOTE: The  Journal was formerly published in two sections: Sec- 
tion A “Physics and Chemistry” and Section B “Mathematical  
Sciences.” 
DIMENSIONS/NBS-This  monthly magai ine is published to  in- 
form scientists, engineers. business and industry leaders. teachers, 
students,  and consuniers of the latest advances i n  science and 
technology, with primary emphasis on work at  N9S. Tlic inagarine 
highlights and reviews such issues cis energ} research, firc protec- 
tion. building technology, metric conversion, pollution abatement,  
health and safety, and consumer product perform,ince. I n  addi- 
t ion,  i t  reports the results o f  Bureau programs in measurenient 
\ tandards and techniques, properties o f  matter and materials, 
engineering s t anda rds  a n d  serviccs. instrumentat ion,  a n d  
automatic datn processing. Annual subscription: domestic $ 1  I :  
foreign $13.75. 

NONPERIODICALS 
Monographs-Major contributions to the technical literature on 
various subjects related t o  the Bureau’s scientific and technical ac- 
tivities. 
Handbooks-Recommended codes of engineering and  industrial 
practice (including safety codes) developed in cooperation with i n -  

terested industries. professional organizations, and regulatory 
bodies . 
Special Publications-Include proceedings of conferenccs spon- 
sored by NBS. NBS annual reports, and other special publications 
appropriate to this grouping such ;is wall charta, pocket cards. and 
hi bliographies. 
Applied Mathematics Series-Mathematical tables, manuals,  and  
studies of special interest to physicists, engineers, chemists, 
biologists, mathematicians. computer  programmers.  and  others 
engaged in scientific and technical work. 
National Standard Reference Data  Series-Provides quantitative 
data  on the physical end chemical properties o f  materials. com- 
piled from the  world’s l i terature  a n d  critically evaluated.  
Developed under a worldwide program coordinated by NBS under 
thc authority of the National Standard Data  Act (Public Law 
90-3Y6). 

PUBLICATIONS 
NOTF: The principal piihlic;ition outlet f o r  the foregoing data  i \  
the Journal o f  Physical ,ind Chemical Reference Data ( J P C R D )  
published quarterly for N HS by the Atiicrican Chemical Society 
(AC‘S) and the American lrictitute 01‘ Physics (41P). Subscriptions, 
reprints. : i r i d  supplements available from ACS, I I55 Sixteenth St.. 
N W .  Washington. D C  70056. 

Building Science Series-Di\\erninntes tcchnical information 
developed ;it the Bureau on building materials, components,  
systems, arid whole \ tructures.  The \cries presents research results, 
test methods.  and performance criteria related to the structural  and 
environmental  functions and the durability and safety charac- 
terictics of building elements and \ystems. 

Technical Notes-Studies o r  reports w hiLti are complete in theni- 
selves but restrictive in their treatment of a suhject. Analogous t o  
monographs but n o t  s o  comprehen\ive in scope o r  definitive i n  
treatment of the subject area. Often serve as  a vehicle for final 
reports o f  work performed a t  NBS under the sponsorship of other 
govern men t agencies. 

Voluntary Product Standards-lkveloped under procedures 
published by the Department o f  Commerce in Part IO ,  Title 15, of 
the Code of Federal Regulations. The  standards establish 
nationally r ecogn i~ed  requirements for products. and provide all 
Loncerned interests with a basis for common  understanding of the 
characteristics of the products.  NBS adminihters this program as  a 
\upplement to the activities o f  the private sector standardii ing 
organiiations.  

Consumer Information Series-Practical information, based on  
NBS research and experience. covering areas of interest t o  the con- 
sumer.  Easily understandable language and illustrations provide 
useful background knowledge for shopping in  today’s tech- 
nological marketplace. 
Ordrr the above A’BS puh1icution.c lrotn: Superintendent of Doru- 
1nc111.s. Gowrnnrenr Prinring O// ire ,  Wushinglon, DC’ 20402. 
Order the following NHS puhlic~oiions--I;lPS and NRSlR’s-Jrom 
the A‘a/ionul 7 e c ~ h n i c d  Inforniurron ServiceJ. SprinKfieId. V A  2216 I 

Federal Information Processing Standards Publications ( FlPS 
PIJB)--Publicatioris in this series collectively conbtitute the 
F-ederol Informntion Proceshing Standards Register. The Register 
serves as  the official source of information i n  the Federal Govern- 
ment regarding standards issued by NBS pursuant to the Federal 
Property and ,2drniiii$trative Service\ Act of 1Y3Y :is amended. 
Public IAN XO-306 (7Y Stat.  I127),  and :is implemented by E x -  
ecutive Order  I I 7  I7 ( 3 X  FR I23 15, dated May I I. 1973) and Part 6 
of l i t le  I 5  C F R  (Code of Federal Regulations). 

NBS Interagency Reports (NBS1R)-A special series of interim o r  
fin;i l  reports o n  work performed by NBS for outside sponsors 
(both government and  noli-government). I n  general. initial dis- 
tribution is handled by the sponsor.  public distribution is by the 
Nat:on:il Technical Information Services. Springfield. V A  22161, 
in paper copy o r  microfiche form. 

BIBLIOGRAPHIC SUBSCRIPTION SERVICES 

The following current-awareness and literature-survey bibliographies 
are  issued periodically by the Bureau: 
cryogenic [lata center (’urrent A~~~~~~~~ service. A ~ ~ t ~ ~ ~ t ~ ~ ~  sur. 
vey issued biweekly. Annua l  subscription: doinebtic $25: fc)reign 
$30. Boulder. (’0 80303. 

Liquefied Natural Gas. A literature survey ihsued quarterly.  Annual 
s u bscri I, t i o n : $20. 

Superconducting Devices and Materials. A literature surbey issurd 
quarterly.  Annu;il subscription: $30. Please send subscription or- 
dcrs and reinittances for the preceding hibliogruphic services to the 
National BLireau o f  Standards.  (’ryogenic Data Center (736) 




